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ABSTRACT 


The  result  of  a  design  study  of  a  microwave  antenna  system  for  the  Boeing  KC^ISS 
aircraft  is  presented.  The  antenna  Is  an  upward-looking,  steerable,  high-gain 
antenna  for  very-long-range,  two-way  communications,  using  signals  relayed  by 
satellites  (active  or  passive)  or  scattered  by  belts  of  orbiting  chaff.  Critical  antenna 
design  problems  connected  with  the  very-high  average  transmitter  power  and  the 
very-low  receiver  noise  figure  are  considered  In  detail. 

The  bulk  of  the  effort  reported  herein  has  been  devoted  to: 

1)  A  rigorous  analysis  of  the  microwave  antenna  rwise  temperature  at  altitude. 

2)  The  design  of  a  low-noise,  low-loss  ontenna  receiving  system  ond  of  a  high-power 
transmitting  system. 

3)  The  design  of  an  a ntenryi -pointing  system  with  an  accuracy  commensurate  with  the 
antenna  half-beamwidth  of  2.5  degrees 

4)  A  site  survey  of  the  KC-135  for  the  best  location  for  the  antenna  and  a  study 
to  determine  structural  requirements  created  by  the  new  antenna  installation. 

5)  The  design  of  an  optimum  radome  based  on  a  compromise  between  electrical  and 
and  aerodynamic  considerations. 

6)  The  design  of  a  three-axis  antenna  mount  and  tracking  drive  system. 

7)  The  installation  design  of  the  maser  receiver  and  the  high-power  transmitter  unit. 

8)  The  design  of  electrical  and  equipment  cooling  systems. 

9)  High-power  testing  of  microwave  components. 
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INTRODUCTION 


Purpose 


The  design  study  conducted  for  on  airborne  high-goin  antenna  mounting-and-control 
system  which  con  be  used  for  tracking  a  fixed  object  located  in  the  hemisf^cre 
above  the  locol  aircraft  horizontal  Is  described  in  this  report.  The  antenno  is  to 
be  directed  at  the  object  throughout  all  conditions  of  the  flight,  including  those 
induced  by  pitch,  roll  and  yaw.  The  positioning  of  the  antenna  Is  to  be  derived 
from  aircraft  novigation  and  stabilization  equipment  as  well  as  from  accurate 
knowledge  of  the  position  of  the  object.  The  minimum  height  of  the  object 
is  assumed  to  be  1500  miles.  System  requirements  and  suggested  approaches  are 
stated  In  the  original  Request  for  Proposal  26^  and  in  the  responding  Proposal 

Contractually,  the  work  was  divided  into  two  phases: 

Phase  I:  Conduct  a  study  to  define  a  design  approach  and  determine  what  system 

capability  can  be  accomplished  and  report  the  results  of  this  study  to 
the  Communication  Sciences  Laboratory,  AFRD,  for  approval. 

Phase  II:  Upon  approval  of  Phase  I,  prepare  a  corrplete  set  of  drawings  and 

specifications  sufficient  to  effect  procurement  of  the  system  com¬ 
ponents  and  to  Install  the  system  on  a  KC-135  airplane. 

The  transmitter,  a  10-kw  cw  klystron  power  arrplifier  operated  at  8350  +  50  me,  is 
being  developed  by  Varian  Associates,  Palo  Alto,  California.  The  first  stage  of 
the  receiver,  a  helium-cooled,  closed-loop,  maser  amplifier  operated  at  7750 
±  50  me,  is  being  developed  by  Hughes  Research  Laboratory,  Malibu  Beach, 
California.  The  receiver  noise  temperature  is  expected  to  be  near  20°K.  Because 
of  the  requirements  imposed  by  the  very-high  transmitter  pov/er  and  the  very-low 
receiver  noise  figure,  few  existing  components  and  no  subsystems  are  suitable 
for  use  in  the  system. 

History 


The  past  decade  has  seen  long  forward  strides  in  long-haul  radio  communications: 
tropospheric  scatter,  ionospheric-meteor  scatter,  and  satellite  (active  and  possive) 
communications.  With  each  of  these  steps,  the  question  arises,  "Will  it  work 
on  aircraft?"  and  each  time  the  answer  is  found  by  exhaustive  field  tests — 
tests  instrumented  by  equipment  designed  for  the  propagation  mode  of  interest, 
within  the  limits  of  present  knowledge. 


Superscripts  refer  to  listed  references  in  the  bibliography  (Section  IV)  of  this  report. 
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A  number  of  modet  of  point-to-point  communication  via  tateillte  hove  been  con¬ 
ceived;  each  have  their  advocates: 


Active  satellite 
Passive  satellite 
Dipole  belt 


(Courhir) 

(Echo) 

(Needles) 


f'or  instantaneous  communications,  sender  and  receiver  t>oth  focus  energy  on  a  commoi 
rela/  point  above  their  own  local  horizons.  Optimum  frequency  for  satellite  relay 
is  near  the  atmospheric  "window"  at  5  kmc>  In  this  band  high-gain  antennas  are 
required  to  offset  poth  losses.  When  one  terminal  Is  aboard  on  aircraft,  complications 
arise  due  to  the  instability  and  mobility  of  the  platform  and  the  problem  becomes  one 
of  achieving  sufficient  pain,  yet  pointing  the  antenrys  accurately  erK}ugh  in  flight 
to  realize  the  design  antenna  gain. 

Conventional  microwave  installations  on  aircraft  ore  now  mainly  limited  to  radai — 
search,  fire-control,  weather — with  low-average  power  (50-500  watts)  and  receiver 
noise  temperatures  of  500-2000*K.  Novel  problems  connected  with  the  high 
average  transmitter  power  and  low  receiver  noise  are  thormal  in  character;  thermal 
breakdown  of  components  by  the  transmitter,  thermal  noise  in  the  receiver.  These 
demand  careful  attention  In  the  antenr>a  system  design. 
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II  DISCUSSION 


1.0  System  Concept 

The  basic  elements  of  the  airborne  antenna  system  are  the  radome,  antenna  and 
antenrxi  feed,  antenna  mount  and  servo  system,  computer  and  pointing  system, 
electrical  system,  and  cooling  system.  steerable  microwave  antenna 

systems  employ  altazimuth  mounts  In  which  the  antenna  Is  fed  through  rotary 
joints  at  the  motion  axes.  A  search  has  revealed  neither  a  suitable  mount 
system  nor  a  waveguide  rotary  joint  that  will  handle  10  kw  cw  power-end  have 
a  bandwidth  of  from  7.7  to  8.4  kmc.  Proposals  from  severol  electronic  firms 
have  Indicated  the  feasibility  of  developing  a  lO-kw  rotory  joint  but  with 
bandwidth  of  only  I  percent. 

To  minimize  the  noise  within  the  antenna  system,  the  maser  receiver  should  be 
located  as  close  as  possible  to  the  antenrKJ  feed.  Since  a  rotary  joint  will 
increase  the  noise  temperature  of  the  receiving  system  and  since  the  development 
of  such  a  joint  to  operate  at  both  the  transmit  and  receive  frequencies  is 
difficu  It,  rhe  antenna  feed  system  should  be  designed  so  that  no  rotory  joints 
are  necessary  at  the  front  end  of  the  receiver.  Several  antenna  system 
configurations  were  considered: 

1)  Receiver  attaches  to  and  moves  with  the  antenna,  the  transmitter  unit  is 
statiorxjry  and  located  In  the  aircraft  cabin  (needs  three  high-power  rotary 
joints). 

2)  Receiver  and  transmitter  tube  attach  to  and  move  with  the  antenna;  power 
supply  and  cooling  unit  are  statiorxiry  (eliminates  rotary  joints  but  needs 
high-power  DC  slip  rings  and  flexible  cables). 

3)  Receiver  and  transmitter  tube  attach  to  and  move  with  the  antenna;  power 
supply  rotates  with  the  antenna  platform  along  the  vertical  axis  (eliminates 
high-power  DC  slip  rings  but  needs  slip  rings  for  primary  AC  power). 

The  feasibility  of  each  configuration  was  discussed  with  Hughes  Research 
Laboratory  (receiver  contractor),  Verian  Associates  (transmitter  contractor) 
and  the  ARDC  contracting  officers. 

System  configuration  No.  I  was  chosen  because  the  last  two  configuration  have 
the  following  disadvantages:  (Fig.  I.l) 

1)  The  radome  must  be  either  pressurized  or  pressure  containers  provided  for  the 
transmitter  tube. 

2)  A  mass  many  times  that  of  the  antenna  must  be  moved. 

3)  The  equipment  placed  in  the  radome  is  inaccessible  for  servicing  and 
maintenance  in  flight. 


Fig,  1.1  Schematic  Diagram  of  the  Airborne  Microwave  Antenna  System 
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since  substantially  hemispheric  covetage  is  required,  the  antenno  must  be 
loooted  on  the  top  centerline  of  the  dlrcroft.  Studies  have  shown  the  optimum 
location  to  be  station  670.  This  choice  Is  a  compromise  between  oerodynomic 
consideration,  and  minimum  alrframe-beam  Interference. 


The  shape  of  the  radome  was  chosen  tis  a  compromise  between  good  electrical 
characteristics  (hemispheric)  and  minimum  effect  on  aircraft  performance 
(long  and  low).  A  lengfh-to-helght  fatio  of  3  to  i  was  chosen (39"H  x  x  II4''L 
Such  0  shape  and  size  will  reduce  thO  aircroft  ronge  by  10  percent  but  will  hove 
an  overall  overage  power  trensmissioh  of  about  96  percent.  The  maximum 
boresight  error  will  be  less  than  one>half  degree  for  any  antenna  look  angle. 

A  single  sandwich  woll  with  honeycomb  core  constnjctlon  was  chosen  for  the 
radome  design.  To  reduce  dielectric  heating  of  the  radome  by  the  I0*kw  power 
output  from  the  antenna,  Emerson  and  Cuming  ECCO-L-65  low-loss  laminating 
resin  was  used  for  radome  material.  A  sample  of  a  lominate  using  this  resin  was 
tested  and  found  to  c.xhibit  sotlsfoctory  electrical  properties  up  to  300*F.  it 
was  determined  that  a  sandwich  wall  construction  using  ECCO-L-65  resin  with  a 
rain  erosion  coating  could  handle  a  maximum  power  density  of  90  watts  per 
square  Inch.  Maximum  calculated  power  density  at  the  radome  is  70  watt/inch^ 
(Fig.  5.1). 

No  stabilized  platform  was  used.  The  drive  mechanism  has  the  following  motion 
capability;  continuous  360*  in  ozimuth,  minus  25*  to  plus  120*  (30*  past 
vertical)  In  elevation,  and  a  180*  change  In  antenna  polorization.  Antenna 
pointing  commands  are  supplied  to  the  drive  servo-motors  by  o  digital  computer 
which  computes  the  desired  antenna  angle  from  stored  data  on  the  "sotellite  or 
orbiting  belt"  position  and  attitude  sensed  from  existing  aircraft  systems. 


A  transmit-recelve  waveguide  switch  located  at  the  back  of  the  parabolic  dish 
connects  the  antenna  to  the  transmitter  or  receiver  as  selected  by  the  operator; 
switching  time  Is  approximately  50  milliseconds.  The  maser  amplifier,  the  local 
oscillator  and  the  first  IF  stage  are  mounted  on  a  gimbal  supporting  the  antenna 
to  avoid  any  rotary  joints  between  the  antenna  an'^  this  stage  of  the  receiver. 
Conventional  rigid  waveguide  with  rotary  joints  at  the  motion  axes  connects  the 
TR  switch  to  the  transmitter  unit  in  the  aircraft  cabin. 


The  maser  receVer  power  supply,  the  first  IF  signal,  the  elevation  and  polarization 
pointing  command  are  channeled  through  a  multi-terminal,  slip-ring  assembly 
located  along  the  vertical  shaft  within  the  cabin.  The  maser  compressor  Is 
cooled  by  the  tronsmitter  cooling  unit  through  a  specially  designed  doughnut 
liquid  rotary  joint  and  tubing. 

A  1/3  scale  mock-up  of  the  antenna  and  maser  receiver  arrangement  Is  shown  on 
Figures  1.2  and  1.3.  However,  this  is  not  the  final  configuration. 
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2.0  Anttnf^o  Syttem 


2.1  Antenna  Design 

Antenna  conflguratlcrrj  such  as  luneberg  lens,  linear  arrays,  parabolic 
dishes  were  Investigated.  The  requirements  of  a  complete  upper  hemisphere 
coverage  necessitates  the  use  of  either  o  paraboloid  antenna  or  a  two- 
dimensional  linear  orray.  However,  for  simplicity  In  the  feed  system, 
a  paraboloid  antenna  was  chosen.  The  following  ontenna  specifications 
were  selected  as  a  result  of  the  antenna  nolse-temperoture  study  and  are 
compatible  with  the  condition  of  the  contract: 


1)  Frequency  of  operation 

2)  Minimum  gain 

3)  Minimum  sidelobe 

4)  Power  handling  capacity 

5)  Antenna  polarization 

6)  Waveguide 


7.7  to  8.4  kmc 
30  db 
-25  db 

10  kw  cw  100%  duty  cycle 
linear,  adjustable 

RG-5I/U 


7)  Antenna  feed  as  short  as  possible  for  minimum  loss. 

Irtquirles  to  leading  microwave  antenna  manufacturen  such  as  Dalmo- 
Victor,  Melpar  Inc.,  Diamond  Anteniw  and  Microwave  Corporations, 
Technical  Application  Corporation,  Hughes  Aircraft  Company,  and  others 
have  indicated  that  no  off-the-shelf  antennas  can  meet  the  above 
specifications  and  that  a  developmental  progrom  will  be  required  to 
produce  such  anantenno. 

Several  low-sidelobe  antenna-feed  techniques  were  investigated.  An 
existing  Boeing  chlavin-feed  paraboloid  antenna  has  -28  to  -30  db  side- 
lobes,  but  the  tapering  section  of  the  feed  cannot  withstand  10  kw  cw 
power.  The  same  Is  true  for  Dalmo-VIctor  back-to-back  feed  paraboloid 
antenna  for  search-and-track  radar.  A  type  of  Cassegrain  paraboloid 
antenna  which  evolved  from  the  low-noise  hoghorn  antenna  can  be 
designed  for  better  than  -25  db  sidelobe  and  better  than  50  db  front-to- 
back  ratio.  The  feed  Is  a  circular  waveguide  which  is  capable  of  handling 
10  kw  cw  power,  operating  on  a  TE||  mode .  This  type  of  antenna  was 
developed  at  the  RCA  Victor  Co.  Ltd.  Montreal,  Quebec  and  found  to  be 
a  wide-band,  low-reflection  coefficient  antenrw.  A  similar  antenna  Is 
currently  being  used  In  the  Bell  Telephortes*  TJ  Relay  Radio  System.^ 
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For  low  $Idelob«,  o  2-foot  parabolic  dish  Is  needed  for  an  antenna  with  o 
minimum  of  30  db  gain  and  5*  x  5®  beom  ot  7.7  kmc.  However,  to 
decreose  spill-over  o  26-Inch  dish  was  used.  Using  the  design  In 
reference  (I)  with  a  30-db  Ta/lor  aperture  distribution  (Ref.  3),  a 
cossegraln-type  paraboloid  antenna  was  designed.  Becouse  of  the 
aperture  blocking  effect  of  the  central  reflector  the  sidelobe  level  Is 
expected  to  Increose  from  -30  db  to  -26  db. 

The  ontenna  feed  Is  o  strolght  section  of  circular  waveguide  which 
supports  o  TE||  mode.  A  tronsitlon  section  Is  used  to  connect  the  circular 
waveguide  feed  to  the  rectangular  RG-5I/U  waveguide.  Two  copacitive 
screws  located  near  the  circulor-to-rectangulor  transition  section  are 
used  for  antenna  tuning.  Additionol  tuning  con  be  occompllshed  by 
adjusting  a  movable  slug  ot  the  central  reflector.  A  0.03-Inch  thick 
teflon  pressurizing  cap  Is  locoted  at  the  feed  operture. 

Figure  2.1.1  is  a  sketch  of  the  antenna  with  the  dimensions  labeled. 

The  design  details  of  the  antenna  reflectors  and  the  antenna  feed  are 
shown  in  Appendix  A. 
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2.2 


IMi  L -XI 


Equivalent-Antenna  and  Feed-Syitem  Noise  femperofure 


The  sentitivity  of  an  ontenna  system  is  determined  hy  t!ie  rsoise  power  received  by 
the  antenrKi  From  Its  surroundlr^gs  ond  by  the  roise  cf  the  receiver  connected  to  it. 
The  noise  in  on  ordir;ary  microwove  receiver  ii  much  higher  thon  the  noise  received 
by  the  antenna.  Consequently,  receiver  noise  becomfi  a  dominant  factor  in  deter* 
mining  system  sensitivity.  However,  with  thu  advrnt  of  tow-noise  receivers  such  os 
moser  ond  reoctance  amplifier,  antenna  noiso  become*  comporable  to  or  lower  than 
receiver  noise.  Therefore,  an  exact  knowledge  of  thr  ontenno  rsoise  is  vital  since 
it  may  determine  the  overall  sensitivity  of  the  syslam 


The  antenna  noise  temperature  at  microwave  Frequencies  is  caused  almost  exclusively 
by  thermal  energy  originating  from  an  exchonge  of  rodiafion  with  the  medium  In 
which  the  antenna  is  embedded,  if  the  antenna  is  In  thermal  equilibrium  with  Its 
surroundings,  its  equival^t  temperature  con  be  expressed  os: 

'  '  G(©,0)T(©,{i)  dyi. 


TF 


where  G(O-,0)  Is  the  directional -antenna  gain  function  and  T(G-,0)  is  the  directlona 
effective  temperature.  The  three-dimensional  integral  of  Equation  (I)  con  be 
replaced  by  a  two-dimensional  sum  of  the  following  form; 

die-  i 


?T,  Gi 


2ir 


where  G) 


TW 


and  T|  are  average  gain  flfjures  and  temperature  in 


the  direction  of  interval  angled  ^|. 


In  order  to  evaluate  the  equivalent  antenna  temperature,  Ty^,  it  is  necessary  to 
determine  the  values  of  Tj  contributed  by  radiation  from  sources  outside  and  within 
the  atmosphere . 


2.2.1  Sources  of  Noise 


Ti'e  noise  In  a  hIgh-gaIn  antenna  oriented  skyward  can  be  classified  into  two 
sources:  that  from  outside  the  atmosphere  and  that  from  within  the  atmosphere. 

The  sun,  the  moon,  the  plonets,  the  stars,  the  interstellar  hydrogen  and  the  center 
of  the  galaxy  are  the  sources  of  noise  from  outside  the  atmosphere.  The  oxygen  and 
water  vapor  that  attenuate  microwaves  are  sources  of  noise  within  the  atmosphere. 
With  the  exception  of  the  sun  and  the  moon,  noise  from  extraterrestial  bodies  is 
negligible  at  centimeter  wavelengths. 


I)  Noise  from  the  Sun: 


The  variability  of  solar  noise  depends  strongly  on  the  radio  wavelength.^  For 
waves  shorter  than  2  to  3  cm,  the  intensity  is  steady  and  undisturbed;  for  waves 
between  3  and  60  cm,  often  called  the  decimeter  range,  disturbances  occur 
frequently  and  are  more  intensive  neor  sunspot  maximum.  At  optical  and  milli¬ 
meter  wavelengths,  the  radiation  follows  closely  thot  expected  from  a  black  body 
ot  6000*K.®  At  8  kmc,  however,  the  radiation  from  the  sun  is  that  expected 
from  a  body  at  30,000®K  (Appendix  B). 
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2)  Noise  from  the  Moon  and  Planets: 

Estimates  or  measurements  of  lunar  noise  temperature  vary  from  a  value  of 
I50*K  at  400  mc^  to  about  200*’’280®K  at  24  kmc^®  and  35  kmc 
The  ix>lsc  temperature  of  planets  Venus,  Jupiter  and  Mars  at  3  and  9  cm 
wavelengths  is  on  the  order  of  l*K  or  less^^  of  S<jturn  is  less  than 

O.I*kI3 

3)  Noise  from  the  Stors 

Noise  from  the  stars  can  be  grouped  into  two  classes:  (I)  that  from  discrete 
sources  such  as  Cassiopeia  A,  Cygnus  A,  Taurus  A,  Virgo  A,  and  (2)  that 
from  a  generally  diffuse  background  in  which  a  maximum  occurs  along  the 
galactic  plane  and  a  minimum  towards  the  galactic  poles  The  noise 
from  the  galaxy  decreases  markedly  with  increasing  frequency;  on  long 
wavelengths,  the  maximum  emissions  correspond  to  an  enclosure  at  I00,000*K, 
but  at  centimeter  wavelengths,  it  falls  below  measurable  limits.  The 
maximum  galactic  jpise  temperature  at  I  kmc  is  about  38*K,  and  is  less  than 
I®  K  above  5  kmc. 

4)  Noise  from  Interstellar  Hydrogen 

Hydrogen  radiation  is  limited  to  a  single  wavelength  of  21-cm  and  is  unimport¬ 
ant  as  a  source  of  interference  at  other  wavelengths. 

5)  Noise  Due  to  Oxygen  and  Water  Vapor  in  the  Atmosphere 

At  microwavciengths,  the  noise  from  within  the  atmosphere  is  due  to  absorption 
by  oxygen  and  water  molecules,  and  is  greatly  dependent  on  the  elevation 
angle  of  the  antenna  beam.  Both  noise  and  attenuation  are  minimum  when 
the  antenna  is  pointing  at  the  zenith  and  increase  as  the  beam  drops  toward 
the  horizon.  The  water  vapor  density  is  about  10  gr/^3  level  and 

decreases  to  a  negligible  amount  at  altitudes  greater  than  5  km  or  16,500 
feet. 

At  ground  level,  the  antenna  noise  temperature  due  to  oxygen  and  water 
vapor  varies  from  5®K  to  I65®K  as  the  zenith  angle  increases  from  0® 
to  90®.  At  40 ,000  ft,  the  noise  temperature  varies  from  l®K  to  34®K  as  the 
antenna  scans  from  0®  to  90®  (Appendix  C). 
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6)  Noise  from  Other  Sources: 


The  extreme  short-wave  end  of  the  radio  spectrum  below  about  30  cm  Is 
relatively  free  from  man-made  Interference,  ond  lightning-discharge  noise 
does  not  present  a  significant  problem  at  wavelengths  shorter  then  2  or  3 
meters.  The  earth  Is  o  hot  body  of  288®K,  Its  temperoturc  Is  higher  than 
that  of  the  sky.  However,  If  the  ontenixi  main  beam  Is  not  directed  toward 
the  eorth  ond  If  the  fuselage  or  the  wing  of  on  olrcroft  Is  used  os  a  shielding 
for  an  air-borne  antenna,  the  noise  from  the  direction  of  the  earth  Is  greatly 
reduced. 


2.2.2  System  Losses 


To  minimize  the  noise  within  the  antenna  system,  the  maser  receiver  is  located  as 
close  as  possible  to  the  antentxi  feed.  An  estimate  of  the  antenixr  noise  temper¬ 
ature  due  to  Internal  losses  follows: 


Component 


Loss  in  Percent 
of  290*  K 


Equivalent  Noise 
Temperature 


Radome 


I4.5*K 


Antenna  dish 


Antenna  feed  loss 


TR  Switch 


2.2.3  Total  Noise  Temperature 


2.9 

26.rK 


For  o  high-gain  antenna  at  8  kmc,  the  noise  temperature  due  to  radiation  from 
extraterrestial  bodies  such  as  the  stars,  the  planets,  and  the  galaxy  is  neglible. 

The  noise  from  the  sun  and  the  moon  may  be  a  source  of  trouble,  but  is  of  a 
limited  nuisance  type,  occurring  only  when  the  main  antenna  beam  is  pointed  in 
the  direction  of  the  offending  body.  Since  the  sun  and  the  moon  as  observed  at 
the  earth  have  an  angular  diameter  of  about  0.5  degrees,  the  noise  rise  is  of  a 
temporary  or  transient  rxiture  in  satellite  communications.  Calculations  of  solar 
noise  temperature  are  presented  in  Appendix  B. 

Noise  due  to  oxygen  and  water  vapor  in  the  atmosphere  is  greatly  dependent  on  the 
elevation  angle  of  the  antenna  beam  and  on  the  altitude  of  the  airborne  antenrra.  A 
rigorous  analysis  of  the  noise  temperature  at  sea  level  and  at  altitudes  up  to  50 
kilometers  is  presented  in  Appendix  C.  The  results  at  40,000  feet,  at  20,000  feet 
and  at  sea  level  are  presented  in  Table  2.2.1. 
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Table  7.2.1 


NOISE  TEMPERATURE  DUE  TO  OXYGEN  AND 
WATER  VAPOR  IN  THE  ATMOSPHERE 


ARTTFlNTrZMTFTTFiSn 

0* 

iniigiiiiiiiiiii 

Sea  Level 

531 

I65T7 

2.53 

5.27 

14.21 

25.8 

72.25 

1.13 

2.49 

6.7 

11.5 

34.1 

The  antenno-nolie  temperafure  confributed  by  fhe  atmosphere,  by  the  hot  earth  end  by 
the  sun  is  evaluated  In  Apperdlx  D.  The  results  of  a  typical  -25  db  sidelabe  2-foot 
paraboloid  antenna  at  8  kmc  are  tabulated  in  Table  2.2.2. 


Table  2.2.2  TOTAL  ANTENNA  AND  SYSTEM  NOISE 

TEMPERATURE  AT  8  KMC 


40,000  ft. 

20,000  ft. 

Sea  Level 

ANTENNA  ZENITH  ANGLE  0* 

85* 

90* 

0* 

85* 

90* 

0* 

35* 

90* 

NOISE  SOURCE 

1 .  Atmospheric  and 

l.2*K 

14.6 

32. ^ 

2.7 

35.3 

60.6 

5.3 

73.6 

116.6 

Ground  Emission 

2.  Solar  Radiation  * 

4.0 

4.0 

4.C 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

3.  System  loss 

26.1 

26.1 

26.1 

26.1 

26.1 

26.1 

26.1 

26.1 

26.1 

Total  noise  temperature  31.3 

44.7 

63. C 

32.8 

65.4 

90.7 

35.4 

103.7 

146. 7‘ 

*  The  solar  rx)ise  is  the  radiation  intercepted  by  the  first  -25  db  sideiobe. 
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2.2.4  Assumptions  used  in  the  Noise  Calculation 

1)  Noise  Temperature  Due  to  Solar  Radiotion  (Appendix  B) 

At  8  kmc  and  From  a  disturbed  sun,  the  solar  rx>lse'*power  density^  on  the 
earth  was  estimated  at  five  times  that  of  a  black-body  at  6(XX)^K. 

Because  of  the  excessive  temperature  increase  when  the  main  lobe  is  directed 
toward  the  sun,  only  the  solar  noise  thot  is  intercepted  by  the  first  -25  db 
sidelobe  was  considered. 

2)  Noise  Temperature  Due  to  Atmospheric  and  Ground  Emission  (Appendix  C) 

At  8  kmc,  the  noise  temperature  from  atmospheric  emission  is  mainly  due  to 
oxygen  and  water  vapor.  The  first  50  kilometers  of  the  atmosphere  were 
considered  in  the  calculation.  Beyond  this  altitude,  the  temperature  contribut¬ 
ion  is  negligible;  and  beyond  5  kilometers,  almost  no  water  vapor  exists. 

For  noise-temperature  calculation  at  high  altitudes,  the  power  absorption 
coefficient  was  assumed  to  be  directly  proportional  to  the  otmospheric  density. 

3)  Total  Equivalent  Antenna  Noise  Temperature  (Appendix  D) 

The  antenna  noise  temperature  due  to  atmospheric  and  ground  emission  was 
evaluated  by  determining  the  average  temperature  of  the  medium  in  which 
the  beam  is  pointing,  the  average  is  weighted  by  the  gain  function  of  the 
antenna.  The  airframe  acts  os  a  shield  for  the  antenna  from  the  ground 
emission.  The  airframe  reflectivity  is  assumed  to  be  90%.  The  temperature 
contribution  was  evaluated  at  each  5-degree  interval. 

2.2.5  Conclusion 

It  is  conbluded  that  the  increase  of  antenna  noise  temperature  at  8  kmc  is 
almost  entirely  due  to  oxygen  and  water  vapor  in  the  atmosphere  and  to  radiation 
from  the  hot  earth.  Extra-terrestial  noise  from  discrete  sources  such  as  the  sun, 
the  moon,  and  the  stars  will  generally  be  only  a  limited  nuisance  type.  Since 
the  satellite  is  orbiting  the  earth  at  a  very  high  speed,  the  time  when  trouble 
may  be  experienced  should  be  small.  The  sun  will  be  the  v/orst  offender, 
however,  the  computer  should  be  able  to  determine  the  exact  time  when  trouble 
may  be  expected,  so  that  allowances  may  be  made. 

Because  of  the  high  noise  temperature  when  the  antenna  is  pointing  close  to 
the  horizon  it  would  be  more  difficult  to  communicate  with  the  satellite  at  an 
angle  greater  than  85®  from  the  zenith.  At  40,000  feet,  the  antenna  system 
noise  temperoture  is  3I.3®K  when  the  antenna  is  pointing  at  the  zenith  and  is 
44.7®K  when  it  is  pointing  at  an  angle  approximately  5®  from  the  horizon. 
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The  S)f'ttcm  louei  on  the  transmitter  side  Is  not  a  critical  foctor  because 
sufficient  transmitter  power  is  avalloble.  However,  components  of  minimum 
loss  are  considered  In  the  design  to  save  power  and  reduce  heating. 

HIgh-Power  Components 

One  of  the  major  problems  in  the  Experimental  Airborne  Antenna  System  is  the 
availability  of  system  components  that  can  withstand  10  kw  cw  power.  RG-5I/U 
liquid-cooled  waveguide  was  proven  capable  of  handling  more  than  10  kw  cw 
power,  and  Is  used  In  the  entire  system.  Other  high-power  components  that 
are  needed  are  waveguide  switches,  waveguide  rotary  joints,  waveguide  flanges, 
pressurizing  windows,  and  antenna  feed. 

Transmit-Recelve  Waveguide  Switches 

Several  commercial  high-power  waveguide  s*vitches  have  been  Investigated. 

Some  of  them  show  capability  of  handling  10  kw  power,  however,  only  two 
switches  were  tested  by  Varlan  Associates,  Palo  Alto,  California.  One  of 
the  switches  wos  manufactured  by  Bogort  Mfg.  Corp.,  Brooklyn,  New  York 
and  the  other  by  Sivers  Lob,  Stockholm,  Sweden.  Both  switches  can  withstand 
as  much  as  20  kw  cw  power.  Bogart's  switch  was  chosen  for  this  system  because 
its  temperature  rise  is  not  as  fast  as  Sivers*  switch  under  the  same  operating 
condition.  The  specifications  of  the  Bogart  waveguide  switch  follows:  (Fig.  2.3.3) 


Electrical  Specifications: 

Frequency  Range 
VSWR 

insertion  Loss 
Ave.  Power 
isolation 
Switching  Time 
Mechanical  Specifications: 
Weight 
Safe  Pressure 


7.05  to  10.00  kmc 
I.IO  maximum 
Less  than  0. 1  db 
25kw 

60  db  min. 

0.05  seconds 

4  pounds  (approx.) 
35P.S.I.G. 


Other  switching  schemes  such  as  ferrite  switches  or  diplexers  are  either  too 
lossy  or  incapable  of  handling  lO-kw  cw-power. 


2.3.2 


Waveguide  Rotary  Joints 


I 
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Intensive  investigation  was  conducted  to  establish  that  design  and  manufacturer 
of  a  high-power,  low  loss  rotary  joint  is  within  the  present  state-of-the-ort. 

Several  electronic  componies  have  shown  their  capability  of  designing  a  high- 
power  rotary  joint  that  will  meet  Boeing  specifications.  Most  conventionol 
waveguide-rotary  joints  fall  under  two  types: 

1.  TE-TEM-TE  Coaxial  Transition  -  A  common  cooxial  probe  transition 
Is  used  to  transfer  power  between  two  rectangular  ^^‘aveguide  sections 
by  means  of  symmetrical  TEM  mode.  Because  of  the  small  diameter 
of  the  center  conductor  and  the  presence  of  dielectric  support  in  the 
transition  section,  this  type  of  joint  has  a  low  cw  power  rating.  Its 
bandwidth,  however.  Is  very  wide. 

2.  TE-TM-TE  Circular  Cavity  Transition  -  A  circular  TM  mode  cavity  is 
used  as  a  transition.  The  joint  uses  iX)  dielectrics  and  therefore  hos 
a  much  higher  cw  power  rating  than  the  coaxial  type.  However,  the 
transition  section  has  a  very  narrow  bandwidth. 

High-power  test  of  the  two  types  of  rotary  joint  at  Boeing,  proves  that  only  the 
second  type  (TE-TM  -TE)  can  withstand  high  cw  power  with  an  Insertion  loss  of 
less  than  0.2  db.  However  the  narrow  bandwidth  characteristics  of  its  transition 
precludes  the  use  of  the  joint  at  both  the  receive  and  transmit  frequencies. 
Consequently,  rotary  joints  are  employed  only  on  the  transmitter  side  of  the 
antenna  system.  The  test  result  of  both  types  of  rotary  joint  at  9500  me  Is  compiled 
in  Appendix  E. 

Demornay-Bonardi  and  the  Diamond  Antenna  and  Microwave  Corporations  have 
Indicated  that  one  of  their  coaxial-type  rotary  joints  can  be  modified  to  meet 
Boeing's  specifications,  but  that  no  X-band  high  power  Is  available  to  them  for 
testing.  Demornay  Bonardi  sent  a  coaxial-type  7.05-10.00  kmc  rotary  joint  to 
Boeing  for  testing.  Upon  application  of  one  kilowatt  cw  power  at  9500  me  for  a 
duration  of  three  minutes,  the  center  conductor  of  the  joint  melted  and  the 
teflon  support  charred. 

Associated  Industries,  Airtron,  Kearfott,  Thorson,  Technicraft  and  Raytheon 
companies  have  submitted  proposals  for  developing  a  TE-TM-TE  mode  type, 
lO-kw  rotary  joint  for  use  with  RG-5I/U.  The  quoted  maximum  VSWR  and  the 
maximum  insertion  loss  are  about  1 .15:1  and  0.2  db  at  8350  me  with  I  to  2% 
bandwidth.  The  developmental  cost  ranges  from  $4,000.00  to  $20,000.00. 

A  TE-TM-TE  mode,  aluminum,  rotary  joint  to  be  used  with  RG-5I/U  was  received 
from  Premier  Microwave  Corporation,  Port  Chester,  New  York.  This  joint  is 
designed  to  operate  at  9300  me.  Measurements  at  Boeing  showed  that  the  dissipative 
loss  (scattering-coefficient  method)  is  about  0.1  db.  The  joint  was  subjected  to  j 
about  10-kw  cw-power  at  9500  me  for  a  period  of  30  minutes.  The  temperature 
rise  of  the  joint  was  maintained  at  I2(n*  with  an  air  blower  directed  at  the  joint.  No 
effect  on  the  electrical  or  physical  characteristics  of  the  joint  was  abserved  after 
the  test.  (Appendix  E).  Premier  has  assured  Boeing  that  similar  type  of  joint  can  bj 
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designed  fo  operate  at  8350  +  50mc.  For  this  frequency  range,  the  diameter  of 
the  circular  transition  section  will  be  liKreased  by  10  to  12%.  For  pressurization, 
a  high  temperature  seal  can  be  Inserted. 


In  view  of  extensive  contacts  with  leading  microwave  manufactures,  and  of 
hIgh-power  tests  at  Boeing,  it  is  concluded  that  rotary  joints  suitable  for  this 
system  can  be  supplied  by  Industry  at  reasonable  time  and  cost. 

2.3.3  Waveguide  Flanges 

Varlan  Associates  has  designed  and  tested  a  waveguide  flange  successfully  up  to 
20  k  w  cw  power.  This  flange  Is  essentially  a  standard  UG-5I/U  cover  flange  with 
an  0-ring  groove  similar  to  the  0-rlng  groove  used  on  UG-52A/U  choke  flange. 
The  area  outside  the  0-ring  groove  was  undercut  to  Insure  contact  at  the  desired 
surfaces.  This  flange  will  be  used  throughout  the  system. 

Pressurizing  Windows  and  Caps 

Pressurizing  windows  are  needed  In  the  antenna  system.  The  window  located  In  the 
circular  antenna  feed  must  pass  both  the  transmit  and  receive  frequencies  therefore, 
a  non-resonont  window  must  be  used.  In  addition,  it  must  withstand  lO-kw  cw 
power  without  dielectric  thermal  breakdown  or  voltage  breakdown  at  an  altitude 
of  40,000  feet.  For  high  cw  power  applications,  hIgh-density  ceramic  bodies 
such  as  pure  beryllium  oxide  are  suitable  for  window  materials,  and  are  so  used 
in  power  klystrons.  Because  of  the  high  dielectric  constant  of  ceramics,  a  non¬ 
resonant  X-band  window  would  have  to  be  In  the  order  of  0.01  In  -thick^^ 

(Fig. 2. 3.1).  Ceramics  at  this  thickness  are  fragile  and  may  rupture  at  relatively 
low  pressure.  .In  addition,  a  thin  window  inside  the  guide  would  leave  the  mouth 
of  feed  horn  unpressurized  and  subject  to  voltage  breakdown  at  altitude.  A  second 
choice  of  window  material  Is  low-loss  teflon  dielectric.  However,  a  hlgh-power 
test  at  Boeing  showed  that  a  piece  of  0.06  Inch  thick  teflon  window  placed  Inside 
a  RG-52/U  waveguide  started  to  melt  when  subjected  to  approximately  lO-kw  cw 
power  at  9500  me.  The  melting  of  the  teflon  is  due  to  dielectric  heating  and  Is 
concenbated  In  the  central  region  of  the  waveguide  where  the  electric  field  is 
maximum.  Test  results  are  shown  in  Appendix  E. 

Varlan  Associates  has  operated  a  half-wave  resonant  ceramic  window  in  a  1 .25- 
inch  circular  waveguide  at  20  kw  cw  power  with  15  psig  of  dry  nitrogen  on  one 
side  and  sea  level  air  pressure  on  the  other  side.  The  window  material  was  high- 
purity  alumina  AL-300,  made  by  Western  Gold  and  Platinum  Company,  Belmont, 
California.  However,  Vdrian  advised  that  this  window  will  not  withstand  voltage 
breakdown  at  pressure  equivalent  to  40,000  feet  altitude. 
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As  on  alternative,  a  0.03-Inch  thick  hemisphericol  teflon  cop  placed  at  the 
aperture  of  the  circular  antenna  feed  v/ill  be  used  Instead  of  a  conventional 
window.  As  the  cap  Is  located  outside  the  feed,  the  power  incident  on  it  will 
be  more  evenly  distributed  and  any  heat  generated  in  the  cap  con  be  dissipated 
into  space.  The  cap  was  tested  far  voltage  breakdown  with  sea  level  pressure 
on  one  side  and  90,000  feet  altitude  air  pressure  on  the  ether  side.  No  breakdown 
occurred  at  a  power  level  of  about  50-kw  (0.002  duty-cycle).  The  VSWR 
introduced  by  the  cop  is  1.13  (Fig.  2.3.1). 

No  lO-kw  cw-power  wos  ovoiloble  for  testing  the  dielectric  heating  of  the  teflon  cap. 
To  simulate  these  heating  conditions,  a  0.03  in. -thick  Tenite  cop  was  subjected 
to  90  watts  average  power  at  8100  me  for  o  duration  of  one  hour.  Tenite  was 
selected  because  it  has  the  some  softening  temperature  as  teflon  but  200  times  os 
lossy  (tanJ^O. 03).  No  deformation  of  the  cap  was  observed.  There  was  a  slight 
increase  in  temperature  in  the  Tenite,  however,  the  heat  generated  con  be  readily 
dissipated  by  the  air  cooling  system  in  the  rodome.  The  degree  of  dielectric  heating 
generated  in  the  Tenite  material  is  approximately  thot  of  teflon  of  same  thickness 
if  subjected  to  18-kw  power.  The  volidity  of  this  simulation  test  must  be  verified 
by  actual  testing  of  the  teflon  cap  at  lO-kw  rw  power. 

Figure  2.3.2  is  a  sketch  of  the  pressurizing  teflon  cap  and  mount  assembly.  The 
mount  is  also  a  part  of  the  circular  feed  ond  is  screwed  into  the  rest  of  the  feed. 

This  arrangement  facilitates  replacement  of  the  teflon  cap  in  cose  of  damage.  This 
cop  can  be  machined  easily  and  requires  no  special  tooling. 

Some  of  the  peripheral  investigations  related  to  this  project  is  listed  in  Appendix  O. 
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Fig.  2.3.2  FRESSURIZriG  TEFLON  CAP  AND  MOUNT  ASSEMBLY 


3.0 

3.1 


Antenna  Mount  ond  Sorvo  Drive  System. 

Requirements  and  Design  Criterlo 

The  KC-135  microwave  communication  antenna  covered  by  this  controct  has  a 
5®  X  5*  half-power  beamwidth  and  requires  a  pointing  computer  and  servo  drive 
system  for  accurate  tracking  of  the  orbiting  satellite  or  "needles  belt".  The 
satellite  or  "needles  belt"  will  be  used  as  the  microwave  scatterer  for  long  range 
communication.  A  summary  of  "Project  Needles"  techniques  Is  given  In  Appendix 
F.  It  Is  important  to  achieve  and  maintain  antenrxj-polntlng  and  stabilization  errors 
that  are  sufficiently  small  to  realize  full  antenrxj  gal  n.  The  antenna  mount  and 
drive  system  must  enable  the  antenna  to  be  directed  at  the  object  throughout  all 
conditions  of  the  flight,  Including  those  Induced  by  loll,  pitch  and  yaw.  The 
minimum  height  of  the  object  is  assumed  to  be  1500  miles.  The  frequency  response 
of  the  servo  drive  system  must  therefore  be  adequate  to  cope  with  the  random  yaw, 
pitch  and  roll  perturbations  of  the  aircraft,  with  the  relative  satellite  movement 
and  with  suddenly  applied  bank  angles. 

Criteria  for  Drive  System  Rating 

a.  Random  yaw, pitch  and  roll  perturbations  of  the  aircraft.  The  antenna  will 
be  directed  at  the  object  throughout  all  conditions  of  the  flight.  Including 
those  induced  by  roll,  pitch  and  yaw.  Gust-probability  data  from  reference 
(22)  Indicate  that  99.8%  of  the  time  a  lO-ft/sec  root  -mean-square  gust 
velocity,  described  as  "servere  turbulence  approaching  thunderstorm  activity", 
will  not  be  exceeded  (Fig.  3.1).  A  10  ft/sec  RMS  gust  velocity  corresponds 
to  the  follov/ing  aircraft  angular  motions  (Fig.  3.2): 


Plane 

RMS  Displacement 

RMS  Velocity 

Frequency 

Roll 

1 .45  deg. 

0.95  deg/sec 

0. 105  c  .p.s. 

Pitch 

0.87 

0.85 

0.156 

Yaw 

0.5 

0.65 

0.208 

All  data  are  valid  only  at  the  center  of  gravity  (eg)  of  the  airplane,  because  at 
other  locations  additional  vibrations  due  to  airplane  flexibility  exist.  However, 
the  platform  will  be  installed  on  top  of  the  fuselage  near  the  eg,  and  these 
vibrations  will  therefore  be  negligible. 

During  a  more  recent  flight  survey  on  the  effect  of  gust  and  clear  turbulence 
conditions  on  the  aircraft  structure,  the  KC-135  31-18  model  was  exposed  to  extreme 
conditions  of  30  ft/sec  vertical,  and  20  ft/sec  lateral  gusts.  Pltch-and  yaw- 
rote  meters  were  installed,  and  at  peak  pitch-and  yaw-rates  of  comporable  peak 
amplitudes  these  rates  wo«jld  correspond  to  pitch  and  yaw  frequencies  of  0.3  and 
I.Oc.p.s.  respectively. 


ROOT-MEAN-SQUARE  GUST  VELOCITY,  ^  EPS 
Fig.  3.1  GUST  PROBABILITY 
of  KC-135  AIRPLANE 
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ANGULAR  RATE  DEGREES  ANGULAR  DISPLACEMENT 

SECOND  DEGREES 


TURBULENCE 


GUST  VELOCITY  FEET/secOND 


GROSS  WT.  -  180,000  LB. 

367-80  AIRPLANE  ^ACH  -  0.85 

ALTITUDE  -  35,000  FT. 
AUTOPILOT  ON 


Fig.  3.2 


ANGULAR  RATES  AND  DISPLACEMENTS  DUE  TO 
TURBULENCE  FOR  STRAIGHT  AND  LEVEL  FLIGHT 
OF  KC-135  AIRPLANE  AT  35,000  FT. 
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b.  Sotcllite  movement.  The  moximum  rate  of  movement  of  the  pointing  vector 
tracking  a  sotellite  In  free  orbit  at  a  minimum  height  of  1500  miles,  for  an 
orbit  velocity  of  20  kfps. 

c.  Suddenly  applied  bank  angles.  Bank  angles  will  In  general  not  exceed  30 
degrees,  ar>d  the  rote  of  application  will  not  exceed  10  degrees  per  second 
in  coordinated  turns. 

Clearly,  the  criterion  for  the  antenna  drive  system  power  rating  Is  determined 
by  the  random  yaw,  pitch  and  roll  perturbations  of  the  aircraft.  A  minimum 
speed  of  obout  2  rpm  is  required  to  enable  the  antenna  to  be  directed  at  a 
satellite  whilst  the  aircraft  is  beir>g  banked. 

3.1.2  System  Selection  (Azimuth  and  Elevotion  Channels) 

Existing  off-the-shelf  hardware,  requiring  a  minimum  amount  of  modification,  was 
to  be  used  in  this  contract  wherever  possible.  Two  systems  were  found  to  be 
compatible  with  the  co.ntract  requirements. 

a.  The  antenna  and  servo  drive  assembly  (AF  designation;  AS-1058  (XY-l )/ 
APW-23)  of  the  Sperry-built  Microwave  Command  Guidance  (MCG) 

Airborne  Director  (USAF  designation  of  complete  equipment;  AN/APW-13) 
has  an  almost  flat  frequency  response  up  to  3.5  cycles  per  second,  which  Is 
more  than  adequate  for  compensating  the  random  motion  of  the  KC-135 
airplane  in  atmospheric  turbulence.  This  system  was  built  to  integrate 
tracking,  command  and  telemetry  functions  for  any  surveillance  drone  aircraft; 
the  prototype  was  installed  in  a  B-50  airplane.  The  final  version  is  on  a 
GC-135  airplone,  and  it  is  suitable  for  operation  in  on  airborne  environment. 

Modifications  required  to  adapt  the  antenna  and  drive  assembly  to  this  project 
will  consist  of  replacing  the  microwave  plumbing  by  components  of  higher 
power  handling  capacity,  replacing  the  antenna  nutation  drive  by  a 
polarization  drive,  and  modifying  the  antenna  elevation  look  angle  from 
"35®  down  to  90®  up"  to  "25®  down  to  120®  up,"  measured  from  the  horizontal 
plane.  The  120®  figure  will  make  it  possible  to  point  the  antenna  at  a 
satellite  near  the  zenith  when  a  30®  bank  angle  is  applied  to  the  aircraft. 
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b.  The  alterrxjflvc  vyas  to  design  and  build  the  platform  at  Boeing  using  Leor- 
typc  3055  Dry  powder  Magnetic  Clutch  Servo  drives  which  ore  already  in  use 
on  the  KC-135  os  port  of  the  Lear  MC  I  Autopilot  (ref.  23).  The  system  has 
a  linear  response  up  to  about  I  cps  which  will  also  be  adequate  for  compensating 
the  random  motion  of  the  KC-135  airplane  In  atmospheric  turbulence.  The 
Lear  Type  3055  Servo  Unit  consists  of;  - 

(1)  A  three-phase  AC  drive  motor  energized  at  102  to  124  volts  (100  volts 
nominal)  line  to  neutral,  and  at  o  frequency  of  380  to  420  cycles  per 
second  (400  cps  nominal),  drawing  maximum  full  load  current  (160  in-lbs. 
output  shaft  torque  at  29-38  rpm)  not  exceeding  1.50  amperes  per  phase  at 
0  minimum  power  factor  of  0.40.  The  drive  motor  is  the  prime  torque 
developing  unit  and  runs  at  approximately  constant  speed. 

(2)  A  pair  of  dry  powder  magnetic  clutches.  The  torque  developed  by  the 
drive  motor  is  transmitted  to  the  output  shaft  by  energizing  the  control 
winding  of  the  powdered  clutch.  Each  clutch  will  be  energized  from  a 
direct  current  power  source  of  24  to  29  volts.  Each  clutch  circuit  will 
have  a  DC  resistance  of  not  less  than  190  ohms  at  25®C,  and  the  maximum 
current  drawn  by  either  clutch  will  not  exceed  200  milliamperes. 

(3) A  reach  gear  (output  shaft)  which  mechanically  ties  the  two  clutches 
together. 

Both  the  Sperry  MCG  antenna  and  servo  drive  assembly  and  the  Lear-type  3055 
Dry  Powder  Magnetic  Clutch  Servo  are  suitable  for  operation  in  an  airborne 
environment,  and  can  be  incorporated  into  the  azimuth  and  elevation  channels  of 
the  antenna  servo  drive  system  (Fig.  3.3)  so  that  error  detection,  and  system 
compensation  can  be  achieved  with  a  suitable  computer  program.  Although  the 
Sperry  unit  has  superior  frequency  response,  and  is  potentially  capable  of  superior  I 
overall  control  system  performance,  the  other  system  was  selected  for  rwo  reasons: 
firstly  because  of  the  major  modifcations  required  to  adapt  the  Sperry  unit,  and 
secondly  because  the  Boeing-built  platform  will  require  a  smaller  fuselage  cut-out 
for  the  radome  installation,  maintaining  the  integrity  of  the  fuselage  structure. 

Toraue  and  Soeed  Calculation 
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The  Lear  type  3055  dry  powder  magnetic  clutch  servo  supplies  a  maximum  output 
shaft  torque  of  260  lb.  in.at  a  speed  of  29  to  38  rpm  (32  rpm  nominal)  when  the 
differential  clutch  current  is  135  milliamperes.  Two  separate  units  will  be  geared 
down  10:1  to  the  azimuth  and  elevation  drives  respectively,  the  mechanical 
efficiency  of  the  gearing  being  conservatively  estimated  at  SO'Jo. 


The  actuator  gain  then  becomes 


0.80  x  10  X  260 

12  x*I35 


=  1280  ft  lb  per  amper 


The  overall  gear  ratio  from  the  7300  rpm  drive  motor  will  then  be  10  x  227  =  2270, 
giving  c  peak  nominal  speed  of  3.2  rpm.  The  nominal  torque  of  the  clutch  servo 
in  normal  operation  is  45  lb.  in.  which  Is  equivalent  to 
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.80  X  10x45 
12 


=  30  lb.  fr.  available  for  fho  antenna  drive. 


If  a  system  having  a  moment  of  Inertia  J  Ib-ft^  must  respond  to  a  peak  amplitude 
of  radians  at  a  frequency  of  f  cycles  per  second,  then  the  Instantaneous 
amplitude,  velocity  and  acceleration,  respectively,  are  given  by: 


©  =  ©  sin  2  7T  ft. 

rads 

0-^(2  TTf)  cost  2  Trft 

rads/sec 

8  =  -'§‘(4Tr2  f2  )sln  2Trft 

rad/scc2 

The  major  part  of  the  instantaneous  torque  required  will  be  the  accelerating 
torque,  and  If  the  friction  in  the  system  is  negligible,  then  these  quantities  may 
be  considered  equal. 

Then, Torque  T  =  J©  =  -  J§  (4tt2  f2)  jjp  2iTft  - 

sec^ 

Peak  Torque  =  JQ  (4  fr  ^f^)  -  x  — -  — - - 


4if  ^ 
32.2 


J©f2  Ib-ft 


To  estimate  the  peak  torque  required,  the  moment  of  inertia  J  will  be  taken  as 
40  Ib-ft^^  and  the  maximum  frequency  and  amplitude  figures  derived  in  para.  3.1. 
will  be  approximated  as  below:  - 


perturbation  frequency 
peak  amplitude 

2 

then  the  peak  velocity  ©s — 77^^- - 

40  2 

the  peak  acceleration - 

40 

rev/sec^ 


^  I  cps  I 

©  =  — ^0 -  radian  =1.44  degrees 

=  .  157  rad/sec  =  9  deg/sec  =1.5  rpm 
=  1 .0  rad/sec^  =  57.3  deg/sec'^  =  0. 15  I 


and  the  peak  torque  T  =  ^~2 —  ^  “ITT  ^  •  25  I  b-ft  = 

15  lb-ins 

The  estimated  friction  torque  of  the  rotary  joint  transmitting  the  microwave  power 

Tf  =  8  oz-ins  =  0.5  lb-ins  '7^  0.04  Ib-ft. 

This  is  only  about  3%  of  the  accelerating  torque  considered  above,  and  the 
assumption  of  a  system  with  negligible  friction  is  therefore  cleorly  justified. 
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The  above  figures  iho«v  Mnt  Ihe  Lear  type  3055  servo  will  have  considerable 
morgin  beyond  the  anticipated  torque  requirements. 

3.1.4  Time  Constonts  ond  Transfer  Functions  (Azimuth  and  Elevation  Chonnels) 
Description 

The  Leor  type  3055  magnetic  particle  clutch  servo  uses  a  continuously-rotating 
prime  mover  geored  to  two  counter-rotating  clutches.  The  clutch  output  members 
are  then  geared  to  a  common  output. 

The  clutch  consists  of  an  electrical  coil,  o  magnetic  core  structure,  and  a  low 
Inertia  drive  disc  centrally  located  In  an  annular  air  gap  filled  with  a  finely- 
divided  magnetic  powder.  Upon  excitation  of  the  clutch  coil,  this  powder  locks 
the  drive  disk  to  the  rotating  core  structure  and  applies  an  output  torque  directly 
proportional  to  the  clutch  excitation. 

The  clutch  output  torque  Is  essentially  Independent  of  speed  and  there  is  very 
little  Inherent  damping  in  the  system,  and  therefore,  stabilization  must  be  ob¬ 
tained  by  means  of  compensotlon.  In  conventior>al  servo  loops  good  results  are 
obtainable  using  either  a  tachometer  generator  to  provide  velocity  damping  or  by 
using  current  feedback  In  the  form  of  error  rote  damping. 

Transfer  Function 


The  open  loop  transfer  lunctiun  t  jr  this  type  of  sr  rvo  actuator  v'ith  an  Inertia 
load  Is  as  follows: 


in 


JN 


s^T,  s+l)(T„,s+l) 


where:  - 


0^  =  output  shaft  position 

i|p  =  differential  clutch  current  (amperes) 

N  =  geor  ratio  between  servo  actuator  and  inertia  load  output  shaft 
K  =  actuator  gain-inch  pounds  per  ampere 

J  =  inertia  at  output  shaft,  total  of  internal  and  external 

Tq  =  electrical  time  constant 

=  mechanical  time  constant 
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Approximate  values  of  the  parameters  arei  - 


K  ^  1280  Ib-ft  per  ampere 
J  «  40  Ib-ft^ 

Tg  *  45  mlHiieconds 

=  5  milliseconds 

N  *  2270/1. 

The  clutch  currents  will  either  be  supplied  directly  from  the  pointing  computer, 
or  a  Lear  type  l33fK5l-0l  amplifier  as  used  In  the  LI02  autopilot  In  the  Carcvelle 
alrcraft^havlng  linear  response  will  be  Inserted  between  the  pointing  computer 
and  the  servo  unit.  (Fig.  3.4j. 

3.1.5  Angulor  Position  Feedbock  Transducers  (Azimuth  and  Elevation) 

Position  feedback  devices  of  high  accuracy  and  resolution  are  required  In  the 
closed-loop  servo  drive  channels  In  order  to  achieve  and  maintain  small  antenna 
pointing  and  stabilization  errors  and  to  realize  the  full  antenna  gain. 

The  system  error  analysis  (section  4.1)  Indicated  the  need  for  error  detection  and 
rystcm  compensation  to  be  carried  out  within  the  digital  pointing  computer  as 
part  of  the  computer  program.  All  types  of  position  feedback  devices  forming 
suitable  Inputs  to  a  digital  computer,  either  directly  or  Indirectly,  were  considered 
for  this  application.  Digital. shaft  encoders,  both  of  the  optical  and  electro¬ 
mechanical  type,  and  potentbmeters  were  ellmlrwtod  from  consideration  due  to 
their  -doubtful  reliability.  Digital  shaft  encoders  of  the  electromechanical  type  and 
potentiometers  employ  rubbing  contacts  which  are  subject  to  wear  and  vibration 
and  are  avoided  In  synchros.  Digital  shaft  encoders  of  the  optical  type  are 
basically  rather  delicate  components  of  which  ruggedlzed  designs  suitable  to  the 
airborne  environment  have  recently  been  constructed  but  have  not  yet  proved 
themselves  in  actual  airborne  operation.  The  selection  therefore  was  narrowed 
down  to  one  of  the  following  components  (Fig.  3.5): .  ! 

(I)  Austin  Shaft  Position  Quantizer.  This  unit  generates  pulses  proportional  to 
angular  shaft  position.  It  consists  of  a  metal  housing  containing  a  synchronous 
motor  that  drives  two  rigidly  coupled,  engraved  pulse  generating  discs  at 
3600  rpm  speed  of  the  motor.  Each  disc  has  499  pulse  generating  positions 
and  a  gap.  A  magnetic  pickup  head  Is  mounted  adjacent  to  each  pulse  generating 
disc.  One  head  is  fixed  and  the  other  is  coupled  to  the  Input  shaft.  When 
employed  with  suitable  electronic  equipment  its  accuracy  is  one  part  in  4096.  ^ 

The  price  of  this  quantizer  is  $985  each  in  lots  of  I  to  3,  and  delivery  runs  90  I 

to  120  days. 
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Lear  Type  3055  Dry  Powder 
Magnetic  Clutch  Servo  Unit 


Lear  type  133081-01  Amplifier 
(as  used  in  L102  Autopilot  in 
Caravelle  aircraft) 

(time  constant  -  negligible 
compared  to  clutch  servo) 
(response  linear) 


24-29  volts  DC,  190  ohms 
at  25 ’C,  135  milliam|)eres 
max.  differential  clutch 
current  for  max,  torque 


3  Phase  4  Wire 
102  to  124  volts 
y  line  to  neutral 
380  -  420  cps. 

(phase  Rotation  ABO) 


From  Digital 
Pointing  Computer 


Output:  100  ma.  max. 
into  190  ohm  load 

Input:  presently  eithei 
synchro  control  trans¬ 
former  signal  or  DC 


Fig.  3.4  WIRING  DIAGRAM  OF  T1:AR  TYPE  3055  DRY  POWDER  MAGNETIC 
CLUTCH  SERVO  UNIT  WITH  OPTIONAL  AMPLIFIER 
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WIRING  DIAGRAM 


OUTLm:  DlAORAJl 


1.  AUSTIN  SHAFT  POSIT K-N  QUA:mm 
Model  8-5  Accuracy  -  '}6oyU09(> 


(By  Customera)  Coil  Coil 

2.  BENDIX  ELECTRICAL  TWO-SPEED  AUTOSYN  SYf^ClfttOS 
Eclipse-Pioneer  Type  No.  AY-996-A1 


Sin/;lo  Speed  Dual  Speed  (11:1) 

Red 

Black 

Input  to  rotor:  26  v  /^OO'^S.P. 
Accuracy:  1.0  minute  max. 


0,56”  •"  h*  -1.907"-^  Insulated 

Lead  a 
12"  lon/^ 


3.  KEARFO'FT  SIZE  11  SYNCiiRO  HrlSOi.m 
Type:  R982-OOL  Transmitter 


caj 

o 

o 


(This  winding  will 
not  be  used) 

Input  to  rotor:  26v  400  a/ 
Maximum  Error  from  Electrical 
Zero  =  3  minutes 


Fig.  3.5  ANTENNA  ANGULAR  POSITION  FEEDBACK  TH  .NSDUCEii 
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(2)  Bendix  Two-Speed  Autosyn  Synchro  Transmitter  (Size  15).  This  synchro  hos 
single  speed  ond  dual  speed  (11:1)  windings  and  the  occuracy  is  one  minute 
of  ore  (I  part  in  21,600);  present  prioe  is  about  $1200  each. 

(3)  Keorfott  Size  il  Threo-Minute  Synchro  Resolver.  This  resolver  hos  sine  and 
cosine  outputs  with  maximum  errors  of  three  minutes  of  ore  (  I  part  in  7200), 
and  is  available  as  an  "off-the-shelf"  item  for  about  $108. 

The  Keorfott  resolver  was  selected  for  this  application  because  of  the 
advantages  of  small  size  and  weight,  simplicity  as  compered  with  the  Austin 
unit  which  requires  a  special  60  cycle  supply,  and  the  Bendix  unit  requiring 
ten  leads,  which  must  be  brought  through  slip  rings  in  the  case  of  the  elevation 
channel .  An  odditiorKil  advontogc  of  the  Keorfott  over  the  Bendix  unit  is  the 
reduced  computer  work  lood  involved  in  obtaining  the  closest  estimate  of  an 
angle  in  terms  of  two  resolver  voltages  as  compared  with  six  two-speed  synchro 
transmitter  voltoges. 

3.1.6  Remote  Control  ond  Irdicotion  of  Antenno  Polarizotion 

A  survey  of  the  operational  requirements  of  this  experimental  communication 
system  Indicated  the  need  for  the  remote  control  and  Indication  of  the  antenna 
polarization.  This  was  agreed  to  by  Messrs.  L.  Ames  and  A.  Oronge  of  AFCRL 
on  September  13,  I960,  during  their  visit  to  Seattle.  Given,  say  vertical 
polarization  of  the  signal  transmitted  from  the  ground,  it  will  be  part  of  the 
proposed  airborne  research  program,  to  determine  whether  the  received  signal, 
after  scattering  by  a  satellite,  or  needles  belt,  has  a  prefeired  direction  of 
polarization . 

Existing  off-the-shelf  hardware,  requiring  a  minimum  amount  of  modification,  was 
to  be  used  in  this  contract  wherever  possible,  and  the  Lear  type  3055  dry  powder 
magnetic  clutch  servo  was  therefore  selected  for  the  drive  in  the  polarization  plane. 
Th  is  servo  motor  is  already  in  use  on  the  KC-135,  forming  part  of  the  automatic 
pilot  trim  stabilizer,  and  also  of  the  azimuth  and  elevation  channels  of  the  micro- 
wave  antenna  servo  drive  system,  and  can  supply  160  in-lbs.  output  shaft  torque 
at  29  to  38  rpm.  The  only  additional  parts  required  on  the  antenna  platform  will 
be  suitoble  gearing  to  drive  the  rotatable  portion  of  the  antenna  system  and  a  size  II 
synchro  transmitter  (Fig.  3.6).  With  a  phase  rotation  of  the  power  source  of  ABC 
applied  to  motor  terminals  ABG,  energizing  pin  E  will  engage  one  clutch  causing 
clockwise  rotation  of  the  output  shaft  when  the  unit  is  viewed  from  the  output  shaft 
end.  With  a  phase  rotation  of  the  power  source  of  ABC  applied  to  motor  terminals 
ABG,  energizing  pin  F  will  engage  the  other  clutch  causing  counterclockwise 
rotation  of  the  output  shaft  end.  (Fig.  3.6  is  reproduced  from  Specification  Control 
Drawing  10-2710). 


Size  11 

Synchro  Lear  Typo  3055  Dry  Powder 

Transmitter  Magnetic  Clutch  Servo  Unit 


3  Phase  4  Wire 
102  to  124  volts 
line  to  neutral 
380-420  cps, 

(Phase  Rotation  ABG) 


24-29  Volts  D.C. 

Resistors  supplying 
idler  current  to 
both  clutches 


Fig.  3.6  Remote  Control  and  Indication  of  Antenna  Poioriration 
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To  eliminate  drift  of  the  output  ihoft  in  the  unenergized  condition,  W.  K.  Stu'  ’  5 
of  Lear  Engineering  Dept,  recommended  the  use  of  adjustable  series  resistors  for 
supplying  quiescent  currents  of  about  5%  of  full  lood  value  to  both  clutches,  with 
a  range  of  adjustment  from  3%  to  7%. 

From  Technical  Data  Sheet  for  Model  3055C-3:  - 


Clutch  d.c.  resistance 
Current  at  max,  torque 
d.c  voltage 


=  190  ohms 

*  135  milliamperes 

*  24-29 


Resistance  required  for  3%  current  at  29''  Input 

=  -  “03^  135 -  “  7160  -  190  7000  ohms 

Current  rating  at  7%  of  0. 135^=  9.5  milliamperes 
Power  rating  =  .0095^  x  7000  =  0.63  watts 

Nominal  resistance  for  5%  current  at  27V 
27 


.05x  .135 


-190  =  4000  -  190  3800  ohms 


Resistor  selected:  -  Daystrom  Type  313  -  64H-752,  1.5  watts 
(BAC;  -RI4  WX-752X 7500  ohms) 


These  resistors  will  be  installed  initially  set  at  3800  ohms.  Slight  adjustment  to 
one  or  both  units  may  then  be  required  to  eliminate  any  tendency  for  the  output 
shaft  to  drift  in  either  CW  or  CCW  direction. 
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3.2  MOUNTING  FRAME  AND  DRIVE  SYSTEM 


To  simplify  installation  and  to  reduce  the  amount  of  rework  to  airplane  structure,  the 
antenna  mount  assembly  was  designed  In  two  sections,  the  upper  platform  and  the  lower 
platform.  In  addition  to  providirtg  o  support  for  the  antenna  dish  artd  the  drive  system, 
the  mounting  frame  also  supports  the  receiver  components.  As  discussed  In  Section 
ll-I.O,  it  wros  desirable  to  locate  these  components  adjacent  to  the  dish. 

The  upper  platform  is  a  gimbal  assembly  consisting  of  a  yoke,  an  elevation  frame  and 
a  polarization  frame.  The  elevation  frame  and  polarization  frame  are  positioned  by 
separate  Lear  servo  motors  Part  No.  300445-02.  This  is  a  constant-running  motor  with 
dry  magnetic  clutches  for  clockwise  or  counterclockwise  directional  control  of  the 
output  shaft.  A  Kearfbtt  synchro  resolver  is  used  on  the  elevation  shaft  to  furnish 
position  indication  to  the  computer.  A  synchro  is  used  on  the  elevation  shaft  and 
one  on  the  polarization  shaft  to  transmit  signals  to  remote  indicators  for  visual 
indication  of  elevation  and  polarization  positions.  (Fig.  3.7) 

The  lower  platform  assembly  located  in  the  airplane  cabin  contains  the  azimuth  drive 
mechanism.  This  mechanism  coreists  of  a  housing  which  mounts  to  aircraft  structure, 
an  azimuth  drive  shaft  which  rotates  on  anti-friction  bearings,  and  a  Lear  servo  motor 
Part  No.  30445-02  v4ilch  drives  the  azimuth  drive  shaft  through  a  gear  box. 

Additional  equipment  included  In  the  lower  platform  assembly  is  an  electrical  slip 
ring  assembly  to  transmit  power,  a  waveguide,  a  rotary  waveguide  ioint  and  a 
rotating  joint  to  transmit  liquid  coolant. 

V 

The  azimuth,  elevation,  and  polarization  servo  motors  provide  the  following  operating 
speeds] 

Azimuth  3  RPM 

Elevation  3  RPM 

Polarization  6  RPM 

The  following  are  limits  of  travel  of  these  assemblies: 

Azimuth  Continuous  motion  clockwise  or  counter¬ 

clockwise  25*  below  the  horizontol  with 
respect  to  the  airplane  to  30*  post  the 
zenith  with  respect  to  the  airplane. 
Polarization  90®  clockwise  from  normal  to  90*  counter¬ 

clockwise  from  normol-total  travel  to  be 
180*. 
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Fig.  3.7  UPPER  ANTENNA  PLATFX^M 


Computer  ond  Pointing  System 
Requirements  and  Design  Criteria 

The  KC-135  microwave  communication  antcnrxi  covered  by  this  contract  has  a 
5*  X  5®  half-power  beomwidth  and  requires  a  pointing  computer  and  servo  drive 
system  for  accurate  tracking  of  the  orbiting  satellite  or  "needles  belt".  The 
satellite  or  "needles  belt"  will  be  used  as  the  microwave  scatterer  for  long  range 
communication.  A  summary  of  "Project  Nctsdies"  techniques  is  given  in  Appendix 
F.  It  is  important  to  achieve  and  maintain  antenno-pointing  and  stabilization 
errors  that  are  sufficiently  small  to  realize  full  antenna  gain.  The  antenna  mount 
and  drive  system  must  erroble  the  antenryi  to  be  directed  at  the  object  throughout 
all  conditions  of  the  flight,  including  those  induced  by  roll,  pitch  and  yaw.  The 
minimum  height  of  the  object  is  assumed  to  be  1500  miles.  The  frequency  response 
of  the  pointing  system  must  therefore  be  adequate  to  cope  with  the  random  yaw, 
pitch  and  roll  perturbations  of  the  aircraft,  with  the  relative  satellite  movement 
and  with  suddenly  applied  bonk  angles.  The  basic  criteria  for  the  pointing  compute 
rating  are  therefore  the  some  as  the  "Criteria  for  Drive  System  Rating"  outlined  in 
Section  3.1.1. 

Accurocy  Requirements 

^  2H/2®  error  in  pointing  the  antenrra  at  the  satellite  or  needles  belt  used  as 
the  microv/ave  scatterer  for  long-ronge  communication  corresponds  to  a  loss  of 
3  db  compared  to  the  full  antenna  gain.  In  assessing  the  significance  of  such  a 
potential  loss  of  gain  due  to  pointing  and  stabilization  errors  ^o  the  overall 
performance  of  the  communication  system  it  is  well  to  bear  in  mind  that  in  the 
receiver  the  complexities  of  a  maser  with  a  closed  cycle  liquid  helium  cooling 
system  were  considered  worthwhile  as  compared  to  a  nitrogen  system  for  the  sake 
of  an  extra  2-3  db  gain.  Clearly  a  certain  amount  of  sophistication  in  the  pointing 
system  is  therefore  justified  to  keep  the  overall  error  to  less  than  about  one  degree. 

The  computation  of  the  required  azimuth  and  elevation  angles  of  the  antenna 
system  requires  a  number  of  steps  using  input  data  from  existing  aircraft  sensors 
and  stored  satellite  data.  The  cumulative  errors  of  these  additive  or  multiplicative 
steps  must  be  kept  to  a  minimum,and  the  angle  information  must  therefore  be 
handled  accurate  to  the  nearest  minute  or  fraction  of  a  minute.  This  corresponds 
to  an  accuracy  of  I  in  21,600,  or  better,  in  azimuth.  In  the  original  design 
proposal  (Ref.  24) all  possible  types  of  computers,  both  analog  and  digital  were 
considered.  The  above  figure  immediately  eliminates  analog  computers  from 
consideration,  since  a  computing  precision  of  better  than  one  part  in  1,000  is 
difficult  to  achieve  in  analog  systems. 
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The  simplest  type  of  digital  system  will  employ  a  digital  computer  to  predict 
the  required  azimuth  and  elevation  angles.  After  conversion  into  analog  form 
these  computer  outputs  will  actuate  conventional  analog  servo  systems  for  the 
azimuth  and  elevation  channels  respectively.  This  type  of  system  wos  considered 
in  detail  in  the  original  design  proposal  (Ref.  24) and  the  corresponding  error 
analysis^after  allowing  for  additional  contingencies,  is  shown  listed  in  the  column 
"Conventional  Servo  System"  in  Table  4.1.1. 

The  total  "Estimate  for  Middle  Latitudes"  is  a  1.4  degree  RMS  error  in  the 
optimum  mode  of  operation  in  latitudes  where  the  magnetic  compass  can  be  relied 
upon.  This  cannot  be  considered  entirely  satisfactory,  in  view  of  the  line  of 
reasoning  developed  in  the  first  paragraph  of  this  section.  In  addition  the  RMS 
error  criterion  is  not  strictly  applicable  to  errors  of  synchro  components  which  fTTOy 
be  additive  in  particular  combinations  of  angles. 

Many  methods  of  obtaining  increased  pointing  accuracy  exist;  however  the 
replacement  of  the  conventional  servo  system  by  a  sampled-data  servo  system 
will  suffice  to  bring  the  RMS  error  below  I  degree  in  middle  latitudes  using  input 
data  from  existing  aircraft  sensors.  Error  detection,  system  compensation,  and 
improvement  of  stability  and  accuracy  of  the  control  system  will  then  be  achieved 
by  means  of  a  suitable  computer  program.  A  block  diagram  of  such  a  system  is 
given  in  Fig.  3.3  and  the  revised  error  estimates  in  the  columns  headed  "Sampled 
Data  Servo  System"  in  Table  4.1.1. 

In  polar  latitudes  the  compass  system  in  the  KC-135  aircraft  goes  to  (he  "directional 
gyro  mode",  and  the  azimuthal  accuracy  of  the  existing  aircraft  instrumentation 
is  severely  limited  by  the  random  drift  of  about  I  degree  per  hour  of  the  directional 
gyro  installed  (Table  4.1.2).  Three  methods  of  improving  the  directional 
reference  in  polar  latitudes  were  considered. 

(1)  Automatic  Astrocompass 

The  MD-I  Automotic  Astrocompass  tracks  a  star  or  the  sun  on  the  basis  of 
best  available  true  beading  and  longitude  and  latitude  information,  and 
produced  a  highly  refined  true  heading.  Unfortunately  this  instrument  would 
be  of  least  use  when  most  urgently  required,  that  is  during  the  prolonged 
periods  of  arctic  (or  antarctic)  twilight. 

(2)  Strapdown  Rate  Gyro 

Mr.  F.  S.  Preston,  Chief  Engineer  of  the  Norden  Division  of  United  Aircraft 
Corporation,  claims  that  a  directional  reference  having  less  than  0.1  degree 
drift  per  hour  is  easily  realized  by  means  of  a  Norden  strapdown  rate  gyro 
and  a  standard  method  of  pulsing  it  and  counting  the  pulses.  This  instrument 
only  requires  a  simple  setting-up  procedure,  either  in  flight  or  prior  to  take¬ 
off  on  the  ground  to  obtain  a  datum.  Unfortunately  this  simplified  application 
of  on  inertia  I -plat  form  component  has  not  been  finalized  yet  and  a  firm 
proposal  may  not  be  available  before  the  end  of  the  first  quarter  of  1961. 
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Table  4.1.1  ERROR  BREAKDOWN  OF  TRACKING  SYSTEM 
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Remarks  (related  to  Table  4.1.1) 


(1) 

(2) 

(3) 

(4) 


(5) 

(6) 

(7) 


(8) 

(9) 


(10) 
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A  four-mile  olrcroft  rwvigallon  error  causes  a  satellite  1500  miles  distant  to 
appear  0.15  degrees  from  Its  actual  position. 

The  moximum  error  of  I  bit  (0.088  deg  .)  In  the  rectoi^lor  statistical  error 
distance  of  A/D  and  D/A  converters  results  ln*088/T^deg.  RMS  error. 

H  «  number  of  hours  since  lost  fix  and  gyro  drift  correction. 

In  the  revised  estimate  computation,  the  conventional  servo-system  has  been 
replaced  by  a  sompled-data  feedback  control  system,  where  the  system  error 
can  be  made  zero  at  the  sampling  instants.  Stabilization  errors  will  therefore 
be  negligible,  and  pointing  errors  will  be  limited  to  the  errors  of  the  existing 
aircraft  sensors,  and  of  the  orbit  computations. 

In  the  revised  system,  position  feedback  will  be  arranged  1:1  on  the  output 
shaft,  so  backlash  will  not  appear  as  a  position  error. 

In  the  revised  system,  optical  alignment  of  the  mounting  will  be  specified. 

Any  residual  error  will  be  measured  and  can  be  combined  with  radome  refraction 
error,  if  appreciable,  and  applied  as  a  correction  in  the  computer. 

The  accuracy  of  the  ottitude-reference  system  is  only  about  I®  when  bank  Is 
suddenly  applied.  Another  condition  of  Increased  error  is  on  take-off  when 
acceleration  forces  may  cause  errors  of  5®  -  6®,  but  this  cose  has  not  been 
considered. 

The  subsatellite  position  has  a  velocity  of  about  5  miles/sec .  "Space  track" 
provides  data  correct  to  3  seconds  of  time,  corresponding  to  an  uncertainty  of 
15  miles  of  subsotellite  position. 

Sperry's  plant  test  spec  calls  for  drift  rate  less  than  0.2®/hour,  but  deterioration 
in  shipping  and  installation  generally  takes  place.  Sperry  will  therefore  be 
able  to  supply  a  specially  selected  gyro,  and  if  handcarried  and  Installed  with 
special  care,  more  than  5-fold  improvement  in  accuracy  will  be  possible. 

Lear  can  provide  a  pitch  and  roll  stabilized  azimuth  gyro  with  free  drift 
reduced  to  0.25®/hr,  i.e.  after  H  hours,  directional  gyro  accuracy  will  be  with¬ 
in  0.25  H.  Similarly  Kearfott  can  provide  a  directional  gyro  with  friction 
average  bearings  having  less  than  0.25  degree  drift  per  hour.  The  cost  of  a 
precise  gyro  heading  reference  will  be  about  $10,000. 

A  compass  swing  and  careful  compass  compensation  prior  to  the  tracking 
antenna  flight  test  program  will  enable  the  N.l.  compass  to  achieve  the  0.25 
degree  accuracy  claimed  for  it.  Similarly  it  is  recommended  that  optical 
alignment  of  the  doppler  radar  antennas  should  be  carried  out,  prior  to  the 
tracking  antenna  flight  test  program,  to  attain  the  full  potential  accuracy  of  the 
doppler  radar  system. 


£J£FiFIA/C  D6-7I90 
1  page 


2  7000 


I 


-O  “O 

8  8 


It  it  tt 

?  ?  ? 

^  .yt 


u  u  u 
^  *a  *a  'a  ■ 


^2^eo««ee 

:i'-§  :i-5 -M  f§ 

Q  ^  Q  ^  .E  .5  .£  ^  ^0 

%m  W 


^  Q  0) 

8 

<u  0  E- 
9  ..  e  v; 


t  X  «j  X 

rou  ciu 


u  u  u 

.S  S  S 


O)  C7>  0> 
0)  V  v 
:o  :o  -o 


>  >  > 

E  E  E 

888 

<N  CS  CN 


2  1 

o  3 


5  1^ 


aaa°o® 

2  2  BZZ 

3  3  3  a.  a. 

<  <  <  <  < 

u  u  u  «  « 
5  5  a  a 


'  a  a  n 
8^^  ^ 


“O 

0  0) 
a>  c 


c§“^cS< 


>iii;|^^|Q|Ol  h: 


J  ^ 

>'  X 


> 

>  > 

>  k 

K) 

(o  'O 

'•O  "O 

CM 

fS  (S 

<N  CM 

«•  ^ 

^  s 

X 

X  X 

X  X 

u 

u  u 

u  u 

i. 

a> 

o 

3 

3 

••• 

a 

a 

C 

D 

E 

o 

E 

0 

to 

U 

U 

< 

»- 

<0 

«o 

c 

Z 

Z 

to 

v> 

i 

< 

< 

NO  D6-7I90 

PAGE  51 


Abbreviations  CX  -  synchro  transmitter  Note  Use  pilot's  systems.  Copilot  i 

C.T.  2  synchro  control  transformer  isolated  power  source. 


Table  4.1.2  Analog  Inputs  Available  to  Digital  Pointing  Computer 
on  KC-135  Aircraft.  (Existing,  witb  exception  of  items  marked  (*).) 


(3)  Specially  selected  directional  gyro,  or  directionol  gyro  with  friction  overage 
beorirtgs.  About  o  S-fold  Improvement  is  possible  by  means  of  o  standard 
directional  gyro  specially  selected  at  the  vendor's  plant,  or  by  means  of  o 
directional  gyro  employing  friction  overage  bearings,  for  on  additional  expenditure 
of  about  $10,000  (See  remark  (9)  related  to  T^'ble  4.1.1) 

The  nxiln  source  of  error  using  existing  instrumentation  will  be  the  true  heading  in 
polar  latitudes  when  the  aircraft  compass  sytem  is  in  the  directional  gyro  mode  of 
operation.  To  minimize  pointing  errors,  the  Installation  of  a  precise  directional 
reference  is  recommended.  The  Norden  strapdown  rate  gyro  appears  to  be  the  optimum 
solution  if  suitable  delivery  can  be  arranged.  As  an  alterrKitlve,  the  installation  of 
a  directional  gyro  employing  friction  average  bearings  appears  advisable.  This 
precise  directional  gyro  should  preferably  be  a  Kearfott  unit  suitable  for  operating  in 
conjunction  with  one  of  the  existing  Nl  and  J4  compass  systems  In  the  KC-135  aircraft, 
both  of  which  are  made  by  Kearfott. 

Aixilog/ digital  and  digital  /analog  conversion  errors  con  be  considered  negligible 
in  the  sampled  data  servo  system  if  the  digital  computer  can  accept  synchro  transmitter 
inputs,  and  provide  analog  voltage  outputs,  directly  without  any  intermediate 
electromechanical  conversion  stage. 

Additional  factors  entering  in  the  over-all  accuracy  of  the  system  are: 

1)  Time.  In  digital  computers  using  a  magnetic  drum  memory,  operations  are 
generally  synchronized  from  the  drum,  the  speed  of  which  may  only  be  regulated 
within  5%.  This  is  inadequate  for  "real  time"computations  of  subsatellite 
positions.  An  airborne  quartz  crystal  oscillator  Is  therefore  necessary  ,  and 

a  "clock"  signal  will  be  available  for  computer  use  from  equipment  supplied  by 
AFCRL.  This  signal  will  be  at  a  frequency  of  I  megacycle  at  2.0V.  RMS  level 
'  across  a  50  ohm  resistive  load.  This  will  be  the  same  signal  used  by  the  AFCRL 
data  acquisition  and  storage  equipment.  Long-term  stability  will  be  at  least  I 
part  in  10®. 

2)  Magnetic  Variation.  To  obtain  the  best  estimate  of  true  heading  from  the 
magnetic  heading,  the  variation  should  be  either  stored  in  the  computer  memory 
for  a  finite  number  of  increments  of  geographical  area  or  computed  from  a  power 
series  approximation. 

These  conditions,  essential  to  the  adequate  performance  of  a  sampled  data  servo  system, 
have  been  incorporated  into  the  computer  specification  (Ref.  27)  and  some  of  the 
relevant  portions  not  otherwise  discussed  in  this  report  are  contained  in  Appendix  K. 
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4.1.2  CompUtaMon  Requirements 


"Arlmuth  Command”  and  "Elevation  Command” 

The  primary  function  of  the  computer  is  the  prediction  of  open-loop  "azimuth 
command”  and  "elevation  command"  angles  for  accurate  tracking  of  the  orbiting 
satellite  or  "needles  belt”  by  means  of  the  steerable  antenna. 

In  view  of  the  uncertainties  of  the  needles  belt  orbit,  the  problem  was  approached 
in  terms  of  a  number  of  point  satellitrsany  one  of  which  must  be  kept  close  to  the 
center  of  anteiuKi  pottern  throughout  all  flight  conditions.  Since  a  "needles 
belt"  has  one  degree  of  freedom  less  than  a  point  satellite  it  is  no  more  difficult 
to  ensure  that  the  antenna  is  kept  pointed  ut  a  portion  of  the  needles  belt. 
However,  the  question  as  to  which  portion  of  the  needles  belt  should  be  looked  at 
to  optimize  the  overall  communication  system  performonce  depends  on  many 
factors  which  will  not  be  known  until  the  needles  bolt  has  been  established,  and 
the  additional  factors  involved  will  be  introduced  Into  the  computer  program  at 
such  time. 

The  basic  problem  may  be  stated:  -  given  the  aircraft  and  satellite  positions,  the 
"ozimuth  command"  and  "elevation  command"  angles  for  the  satellite  tracking 
antenna  platform  are  to  be  obtained.  Figures  4.1  and  4.2  illustrate  the  spherical 
and  plane  triangles  to  be  solved  in  the  azimuth  and  elevation  computations 
respectively. 

a.  Azimuth  Command  (Spherical  Triangle  APS  in  Fig.  4.1) 

(I)  Given  2  sides  and  inci .  angle  to  find  3rd  side  (Naturol  Haversine 
Formulo) 

hav  p  =  hav  (s-o)  +  sin  s  sin  a  hav  P  hav  ©  =  — ^ - (l-cos©) 

=  ,i„2  _® - 

2 


b. 


(2)  Given  3  sides  to  find  any  angle  (Cosecant  Formula) 

A 

hav  A  =  hav  a  -hav  (s-f))  .  cosec  s.  cosec  p 
Azimuth  Command  =  A  -  True  Heoding  f|  (roll,  pitch) 
Elevation  Command  (Plane  Triangle  CAS  in  Fig.  4.2) 

A  A  A 


A  +  S  =  180®  -  0 

tan 


A  A 

A-S 


a-s 

a+s 


tan 


A  A 

A  +  S 
2 


a  =  R+  H 
b  =  R  +  h 
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Fig.  4.1  View  of  Terrestrial  Sphere  (Azimuth  Computation) 


Fig.  4.2  Sectional  View  of  Earth  (Elevation  Computation) 
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-90® 


A  A  A'  A 

^  4-90*=  ^  4 

-  ton  ■'  f  *  HHR-fh) -  - P - jj  ^  ^p._ 

‘•(R+HWR+t')  /  J  Z 

°  '“"■'  f  Sw; —  ''”’  — H  ■  ^ 


Elevotlon  coiri'nond  =>^  ->•  f2  (roll/  pitch,  yow) _ 

The  effect  of  all  conditions  of  the  flight,  including  those  induced  by  roll,  pitch 
and  yaw,  on  the  "azimuth  command"  and  "elevation  command"  may  then  be 
allowed  for  by  means  of  the  above  additive  terms  fj  and  (2  respectively,  which  will 
be  functions  of  roll,  pitcl\  and  yaw. 

The  next  section  shows  how  port  of  this  problem.  In  addition  to  obtaining 
Instontaneous  aircraft  position,  can  be  solved  by  means  of  a  digital  navigation 
computer,  where  the  terms  "destination"  or  "target"  or  "subsatellite  position"  are 
interchangeable. 

The  initial  source  of  heading  is  nxignetic  heading  from  the  N-l  compass.  In  the 
computer,  magnetic  headlr>g  is  modified  by  magnetic  variation,  determined  by 
longitude  and  latitude,  to  develop  a  true  heading  (best  available  true  heading). 

The  AN/APN-89  uses  the  Doppler  principle  to  provide  the  computer  with 
groundspeed  and  drift  angle  Information. 

The  computer  uses  all  the  above  information  to  determine  distance  travelled  and 
for  constant  correction  of  present  position. 


Mo^htmotici  of  DIgitol  NovIgoHon  Computer 
SYMBOLS 

=  Magnetic  Compajj  Heading 
Gq  ®  Gyro  Heading 
*=  True  Alripeed 
~  Cycle  Interval 
L  ®  Present  Latitude 

^  *  Present  Longitude 

T  =  Fix  Interval 

®d  *  Doppler  Drift  Bearing 

Vyy  Wind  Speed 

Vw^/  =  North  and  East  Components  of  Wind  Velocity 
Gvv  “  Wind  Direction 

Vq  “  Ground  Speed 

Vp  =  North  and  East  Components  of  Ground  Velocity 
=  True  Track 
©H  =  True  Heading 

Rq  =  Range  to  Destination  -  Measured  Along  Lesser  arc  of  Great  Circle. 

Rq  =  Range  to  Destination  -  Angular  Distance 

0^  =  Bearing  to  Destination  ~  Measured  to  the  Great  Circle  Track  from  True  North 

(L',^')  “  Fix  Position 

(Lf/^f)=  DestIrKitlon  or  Target  or  Subsatelllte  Postlon 

(Le/^e)“  Last  Computed  Position 

Rg  =  Effective  Radius  from  Center  of  Earth. 


(I)  Tru«  heading  Is  computed  from  magnetic  compass  heoding,  and  magnetic  vorlotlon, 
ostrocompass  heoding,  or  gyro  heading,  depending  upon  the  mode  of  operation 


©H  ^  ®m  ^  ^e^ 


(I) 


The  f(p\-/  L«)  corrections  are  either  stored  for  o  finite  number  of  Increments  of 
geogrophicol  area  or  computed  front  a  power  series  approximotlon. 

(2)  When  a  directional  gyro  Is  used,  the  gyro  heading  is  continually  corrected  for 
precession,  convergence  and  drift  (if  available). 

(3)  A  more  accurate  wind  velocity  may  then  be  obtained  if  Vq  and  Op  are  available 
from  an  optional  doppler  radar  Input:  - 


®T 

=  ©H  +  ©D 

— 

■—(a) 

< 

m 

=  Vq  sin  ©j 

-  Va  sin  ©H  — 

—(b) 

^WN 

=  Vq  cos  ©7 

-  Va  cos  ©h  — 

—.(c) 

Vw 

=  /v^if^Tv 

"T^ 

WN  . 

-—(d) 

Sw 

=  Tf  -t  tan 

V  WE 

VWN 

- (e) 

To  get  overage  values,  a  smoothing  computation  is  used  over  several  program  cycles, 
the  radar  output  being  rather  noisy. 

(4)  A  major  branching  in  the  program  then  takes  place,  a  special  program  being  used 
in  polar  regions  to  avoid  the  discontinuities  of  the  geographic  coordinates,  and  the 
mode  of  computation  is  determined  by  the  magnitude  of  the  cosine  of  the  present 
latitude . 

(5)  At  low  and  middle  latitudes,  the  computation  proceeds  In  the  normal  mode:  - 


Ve  =  Vq  sin  ©|_|  +  Vyy  sin  (Qy^  +  TT  )  - (2) 

Vp  =  Vq  cos  ©El  +  Vyy  cos  (0y^  +7r) - (3) 

©7  =  ten  ^ —  - (^) 

Vn 


R3 
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(5) 


Computer  Equofions  (cont'd) 

Vg  =  /^V„2  ' 

(6)  The  sines  and  cosines  will  be  computed  os  power  series  expansions  rather  than 
storing  a  table  of  constants. 


(7)  Changes  in  latitude  and  longitude  are  then  found]  - 


dt 

Rf  cos  L 


L  =  A  L  +  Le 


-<6) 

-(7) 

-(8) 

-(9) 


For  smoli  changes  in  position  between  program  cycles^  the  trapezoidal  integration 
method  provides  sufficient  accuracy. 


(8)  The  effective  radius. of  the  earth,  Rg  can  be  either  stored  os  a  constant,  or 
computed  using  various  corrections  for  ellipticity  and  altitude,  depending  on  the 
accuracy  desired  and  the  types  of  sensors  available. 


(9)  True  bearing  and  range  of  a  destination  (or  target  position  or  sub-satellite 
position),  selected  by  a  hand  switch  are  then  computed  fora  great  circle  course. 

Rq  =  cos  l^cos  (  L-Lf)  -  [j-cos  -AjJ  cos  Lf  cos  1}  --(10) 

Ro  =  Re  -—(ID 


©Q  =  cos 


-I  (,  +  sinLf-iin(LtR),)  _ 

U  sin  Ri  cost  J  '  ' 


To  save  computation  time  and  storage  space  only  one  destination  is  computed  In 
every  program  cycle. 

(10)  When  cos  L  becomes  less  than  some  predetermined  constant  K,  computation 
will  proceed  in  the  polar  mode  in  the  next  program  cycle,  with  reference  to  a 
pseudo-transverse  pole  located  at  the  equator  on  the  Intersection  of  the  true  heading 
great  circle  arc  at  the  instant  of  change  to  the  polar  mode,  or  with  reference  to  a 
transverse  pole  located  at  the  equator  on  the  intersection  of  the  greenwich  meridian. 
All  desired  quantities  are  then  transformed  back  to  geographical  coordinates. 


I 


BAC  1546  L  R3 


D6-7\90 

PAGE  59 


2  7000 


(II)  In  fhe  polar  mode  compOfaflon  the  wind  direction  It  troniFormed  continuously 
along  a  great  circle  path,  because  In  polor  regions  the  wind  travels  along  on 
essentially  straight  path  while  the  true  north  direction  changes  rapidly. 


(12)  Before  a  new  computation  cycle  begins,  a  check  program  may  be  Inserted  which 
tests  certain  circuit  properties.  If  an  Incorrect  answer  results,  an  Indication  of 
computer  molfunctlon  is  given,  and  the  computer  switches  to  a  standby  mode. 

Aircroft  Attitude 

Instantaneous  yaw,  pitch  and  roll,  also  yaw  rate,  pitch  rate  and  roll  rate  will  be 
available  to  the  computer  from  autopilot  components  (see  Table  4.1.2).  If  all  these 
sensors  are  sampled  periodically,  clearly  there  will  be  considerable  redundancy  of 
information  which  will  Improve  the  overall  accuracy  and  reliability. 

Satellite  Orbit  Prediction 


The  long  range  prediction  of  satellite  orbital  parameters  with  a  high  degree  of 
accuracy  is  a  complex  problem.  The  satellite  is  acted  upon  by  all  bodies  in  the 
univene.  Some  of  the  perturbations  are  negligible  for  low  altitude  satellites  while 
other  perturbations  are  negligible  for  high  altitude  satellites.  Unfortunately,  there  is 
no  dividing  altitude  for  determining  which  perturbations  are  or  are  not  negligible. 

The  Systems  Research  Group  conducted  an  investigation  of  vorinus  methods  of  accurate 
satellite  orbit  prediction  applicable  to  oirborne  digital  computers.  It  was  desired 
to  develop  a  method  which  will  predict  the  satellite  orbit  parameters  (see  Appendix  G 
for  definitions)  with  a  desired  accuracy  For  an  extended  period  of  time.  The  method 
should  not  demand  an  excessive  amount  of  computer  complexity. 

Three  systems  were  under  consideration 

I .  The  satellite  orbit  would  be  predicted  by  a  ground  computer  capable  of  handling 
a  complex  program.  The  predicted  orbital  parameters  are  put  on  a  magnetic 
tape,  drum,  or  other  storage  device.  This  storage  device  is  then  sent  to  the 
aircraft.  This,  of  course,  could  elimiixite  a  prediction  program  in  the  airborne 
computer.  Aeronutronics  was  contacted  regarding  such  a  program.  They  claim 
to  have  a  5,000  Instruction  IBM  709  program  which  computes  satellite  position 
64  times  per  interval  of  time.  This  program  was  used  on  Echo  I  with  an  occuracy 
of  one  tenth  of  a  degree  at  the  end  of  a  week.  The  progrom  essentially  predicts 
an  orbit  on  the  basis  of  initial  conditions,  then  corrects  the  orbit  on  the  basis 
of  radar  observations  taken  shortly  after  the  time  of  the  initial  conditions.  The 
program  is  claimed  to  be  quite  complex  in  that  it  contains  some  subtle  perturbations, 
as  radiation  pressure. 
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It  wai  felt  that  this  program  moy  be  too  complex  for  small  airborne  computers. 
However/  a  suggestion  bos  been  mode  by  the  Physics  Technology  and  Data 
Processing  Programming  Group  of  the  Engineering  Computing  and  Analysis 
Staff  which  would  moke  use  of  the  ground  prediction  program.  A  ground  computei 
would  be  used  to  predict  the  orbit  of  a  satellite  (or  satellites)  for  a  period  of 
days,  possibly  a  week.  This  information  would  be  put  on  tape  and  Insfalled  in 
the  airplane,  For  any  flight  the  period  of  time  during  which  communication  will 
be  maintained  will  be  known.  This  Information  will  be  used  to  search  the  tape 
for  the  satellites  which  will  be  visible  at  this  time.  The  orbital  parameters 
for  the  given  period  of  time  will  be  transferred  to  a  drum  prior  to  the  time  of 
communication.  This  is  done  to  overcome  the  storage  limitations  of  the  computer 
and  the  problem  of  necessary  interrogation  time  of  the  tape. 

The  airborne  computer  would  be  programmed  to  predict  the  satellite  parameters 
for  an  extended  period.  This,  of  course,  would  demand  more  computer  complex 
than  system  I.  Also,  the  inputs  to  the  program  must  he  very  accurate. 

0 

This  system  Is  a  compromise  between  systems  I  and  2.  A  ground  computer  would 
predict  the  satellite  orbit.  However,  the  orbital  parameters  sent  to  the  airborne 
computer  would  only  be  given  for  large  increments  of  time.  For  example,  the 
orbital  parameters  corresponding  to  the  positions  of  the  satellite  differing  by 
fifteen  minutes  of  time  could  be  given  to  the  airborne  computer.  The  airborne 
computer  would  contain  a  relatively  simple  program  for  orbit  prediction.  The 
initial  conditions  for  this  program  would  bo  updated  in  increments  of  fifteen 
minutes  by  the  store  parameters  from  the  ground  program. 

There  are  existing  orbit  prediction  programs  which  are  relatively  simple.  Such 
programs  usually  consider  a  very  basic  mathematical  model.  For  Instance,  a 
spherical  earth  and  Keplerian  orbit  or  a  non-spherical  earth  ond  Keplerlan  orbit. 
Some  programs  may  include  perturbations  due  to  drag. 

One  of  the  programs  considered  would  use  about  700  instructions  and  50  storage 
locations. 

The  final  selection  of  the  method  of  satellite  orbit  computation  to  be  used 
depended  on  two  factors: 

1.  It  was  ascertained  from  AFCRL  that  a  typical  flight  test  program  may  consist 
of  a  3-legged  Itinerary  such  as  Hdnscomb  Field  -  Thule  -  Anchorage  - 
Hauscomb  Field,  the  performance  of  which,  including  ground  servicing  en 
route, may  take  up  to  about  a  week.  This  period  was  therefore  selected  as 

the  minimum  prediction  period  during  which  no  voluminous  updated  informatior 
need  be  supplied  to  the  aircraft. 

2.  Lincoln  Laboratory  have  methods  available  for  accurate  satellite  prediction 
for  at  least  one  week  in  advance,  and  can  make  this  infomiation  available 
in  the  form  of  IBM  cards  giving  the  orbital  elements  and  their  first 


derivafives  predicfed  for  hourly  intervals  up  to  one  week  ahead. 


It  was  therefore  decided  to  moke  use  of  this  Information  by  transferring  it 
to  punched  paper  tape  and  feeding  It  Into  the  memory  drum  of  the  airborne 
digital  computer  by  means  of  a  tope-reader.  The  data  so  stored  will  then 
be  used  for  periodic  Interpolation  and  updating  of  the  satellite  data .  The 
computer  program  will  then  have  provision  for  reducing  these  data  to  the 
Instantaneous  altitude,  and  latitude  and  longitude  of  the  subsatellite  position. 

Servo  System  Compensotion 

The  secondory  function  of  the  computer  is  the  conversion  of  "azimuth  command" 
and  "elevation  command"  signals,  together  with  azimuth  and  elevation  feedback 
signols.  Into  suitoble  control  signals  in  the  form  of  clutch  coll  currents  to  the 
Lear  type  3055  Dry  Powder  Magnetic  Clutch  Servo  units  employed  for  the 
antenrw  system  ozimuth  and  elevation  drives  respectively.  There  is  very  little 
Inherent  damping  in  the  system  (see  Section  3. 1.4)  and  stabilization  must  be 
obtained  by  means  of  compensation  cchleved  in  the  computer  program  (Appendix 

I). 

Computer  Worklood 

The  above  survey  of  some  of  the  mathematical  complexities  involved  follows 
the  opprooch  of  the  navigator  rather  that  of  the  mathematician  and  is  useful 
in  examining  the  adequacy  of  existing  computers  in  meeting  the  requirements 
of  this  controct.  For  Instance  in  Figs.  4.1  and  4.2  a  spherical  earth 
approximation  was  mode.  However,  the  approximation  Involved  in  equating 
I  minute  of  latitude  and  a  nautical  mile  =  6080  ft.  Is  only  true  at  48®N  or  S 
and  a  more  exact  approximation  is 

I*  lot  =  I  n.m.  =  6077. i  -30.7  cos  (2  x  lot).  The  polar  radius  is  3950.01 
s.m.  (=  3430. 27  n.m. )  and  the  equatorial  radius  is  3963.35  s.m.  (=  3441.86 
n.m.),  corresponding  to  an  oblate  spheroid  of  compression  1/297. 

A  detoiled  rigorous  mathematical  systems  analysis  for  an  airborne  antenna 
control  system  for  communication  via  a  space  object  was  carried  out  by  the 
Engineering  Computing  ard  Analysis  Staff  as  part  of  this  contract  (Ref.  29). 

In  this  analysis  the  earth coordinate  system  is  carried  into  the  aircraft 
coordinate  system.  This  transformation  is  accomplished  by  a  translation  and 
five  elementary  rotations.  The  translation  effectively  translates  the  earth's 
coordinate  system  to  the  aircraft  position.  The  five  elementary  rotations 
account  for  aircraft  longitude,  latihjde,  heading,  pitch,  and  roll,  in  that  order. 


An  inspecMon  of  the  results  of  either  approach  Indicates  that  a  major  portion  of 
computer  time  will  be  taken  up  In  computing  and  updating  trigonometric  functions, 
corresponding  to  each  sampling  Instant,  which  probably  will  occur  at  0.1  to  0.5 
second  Intervals.  Since  each  trigonometric  rotio  Is  computed  as  a  power  series, 
truncation  errors  may  accumulate  unless  skillful  Interpolations  and  approximations 
are  employed  for  varying  time  periods,  say  up  to  60  seconds  before  recomputing 
every  trigonometric  function  (Ref.  47).Tf'is  is  one  of  the  reasons  why  the  programming 
of  an  airborne  digital  computer  of  restricted  size  and  capacity  Is  a  specialized  art 
and  is  generally  left  to  the  computer  manufacturers  to  enable  them  to  make  the  best 
use  of  their  machine. 

4.2  Computer  Selection 

A  dig  I  to  I -computer  control  system  is  essentially  a  type  of  sampled-data  control 
system  in  which  the  signals  are  In  the  form  of  c  digital  code.-  The  digital  computer 
interacts  dynamically  with  other  fxirts  of  the  system,  which  will  have  high  accuracy 
If  the  system  overall  transfer  function  Is  equal  to  unity.  In  conventional  continuous- 
data  servo  systems  this  condition  cannot  be  realized;  however  with  o  sampled-data 
feedback  control  system  It  is  not  ditficult  to  make  the  output  equal  to  the  Input, 
and  thus,  the  system  error  equal  to  zero,  ot  the  sampling  Ins’ants.  This  can  be 
done  If  the  over-all  pulsed  transfer  function  is  made  equal  to  unity  by  designing 
a  suitable  programming  function;  if  the  sampling  rate  is  kept  high,  an  almost  perfect 
control  system  ran  be  obtained. 

In  this  digital  computer  system  open-loop  azimuth  and  elevation  command  signals 
will  be  predicted  by  the  computer,  using  periodically  sampled  Input  data  from 
existing  aircraft  sensors  ond  periodically  updated  satellite  data.  The  basic 
mathematical  equations  ore  summarized  In  Section  4.1.2  and  the  inputs  available 
In  Table  4.1.2. 

Satellite  data  will  be  available  on  request  from  Lincoln  Laboratory  prior  to  take 
off  from  Hanscomb  Field  in  the  form  of  IBM  cards  giving  the  orbital  elements  and 
their  first  derivatives  (See  Appendix  G  for  definitions)  predicted  for  hourly 
intervals  up  to  one  week  ahead. 

These  data  will  be  transferred  to  pinched  paper  tape  and  fed  into  the  memory 
drum  of  the  airborne  uigifo!  cumpi  trr  by  means  of  a  tape-reader,  to  be  stored 
there  for  periodic  interpolation  and  updating  of  the  satellite  data. 
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The  azimuth  and  elevatlan  command  signals  will  be  fed  inta  the  respective  closed- 
loop  channels  of  the  antenna  servo  drive  system;  error  detection,  system  com¬ 
pensation,  and  optimization  of  the  stability  and  accuracy  of  the  drive  system  will 
bo  achieved  by  a  suitable  computer  program. 

Existing  off-the-shelf  hardware,  requiring  a  minimum  amount  of  modification, 
will  be  used  wherever  possible  In  the  peiformance  of  the  contract. 

The  following  five  digital  computers  hove  been  considered  for  this  project: 

(1)  The  LIbrascape  CP  209  inciemcntal  computer  specified  for  the  A3D  bombing 
navigation  system,  and  for  the  Bondlx  "Sky  Sweeper"  missile  tracking  system. 
Unfortunately,  an  incremental  computer  has  too  limited  capacity  where 

the  orbital  information  of  a  number  of  different  satellites  has  to  bo  updated, 
and  an  arithmetic  digital  computer  then  becomes  preferable. 

A  general  comparison  between  ar<ilog,  arithmetic  and  Incremental  digital 
computers  is  given  in  Appendix  H. 

(2)  The  Librascope  ASN-24  transistorized  "navigation  system  building  block" 
computer  which  has  been  applied  to  the  Convair  Centaur  guidance  system. 
Unfortunately,  this  computer  is  not  capable  of  directly  accepting  synchro 
voltages,  but  requires  a  separate  synchro-digital  conversion  module  far 
every  input  which  will  degrade  the  accuracy  of  each  input  by  about  1/4 
degree.  In  oddition  it  is  doubtful  whether  the  capacity  of  this  computer  Is 
adequate  for  maintaining  a  sufficiently  high  sampling  rate  and  for  coping  with 
a  complete  servo  system  compensation  program.  A  theoretical  analysis  of  the 
system  compensation  problem  is  given  In  Appendix  I. 

(3)  The  digital  techniques  used  by  Computer  Control  Company  In  their  Coordinate 
Conversion  Computer  for  Project  Echo  for  converting  the  satellite  orbital 
elements  to  azimuth  and  elevation  could  be  adapted  to  the  requirements  of  this 
contract.  Unfortunately  this  equipment  was  not  designed  for  operation  in  an 
airborne  environment,  and  existing  hardware  could  not  be  used  without 
considerable  redesign. 

(4)  The  IBM  ASC-15  missileborne  digital  computer  designed  for  the  Titan  vehicle 
guidance  system  in  conjunction  with  an  AC  Spark  Piug  iriertial  platform.  This 
computer  Is  not  too  well  suited  to  the  computation  of  trigonometric  functions 
and  their  inverse,  but  will  have  adequate  capacity  when  a  special  "Divide 
Unit"  is  added.  Unfortunately,  this  computer  in  its  existing  form  con  only 
accept  inputs  in  the  form  of  multiple  bit  rate  pulses,  and  a  "Buffer  Storage 
Unit"  would  have  to  be  added  to  enable  the  computer  to  accept  periodically 
sampled  digital  inputs.  In  addition,  one  electromechanic  analog/digital 
conversion  unit  would  be  required  for  each  channel  as  under  (3)  above. 

Further  disadvantages  of  this  computer  are: 
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(a)  The  program  will  not  stay  Indefinitely  on  the  memory  drum,  and  the  IBM 
Consultant  suggested  that  a  new  program  should  be  fed  Into  the  computer 
before  every  flight. 

(b)  A  monual  controller  would  have  to  be  specially  designed  os  there  was 
no  such  requirement  In  the  original  missile  application. 

(5)  The  Hughes  M-252  fully  transistorized  general-purpose  arithmetic  digital 
computer,  developed  for  use  In  the  Inertial  guidance  system  of  the  SD-5 
surveillance  drone.  This  computer  has  sufficient  copacity,  can  accept 
synchro  transmitter  voltages  directly  without  deterioration  of  accuracy, 
has  an  associated  manual  controller,  and  con  be  adopted  for  this  pro(ect  by 
wiring  changes  on  the  Input  and  output  channels. 

It  has  been  shown  that  the  system  stabilization  errors  will  be  negligible,  and 
pointing  errors  will  be  limited  to  the  errors  of  the  existing  aircraft  sensors,  and 
of  the  satellite  orbit  computations  provided  that  a  digital  computer  is  used  which 
can  accept  synchro  transmitter  inputs  directly  ond  has  sufficient  capacity  for  a 
complete  servo  system  compensation  program.  The  Hughes  Type  M-252  computer 
has  been  designed  for  operation  In  on  airborne  environment,  and  can  be  modified 
to  meet  the  requirements  of  the  referenced  contract.  It  has  therefore  been 
selected  for  this  application.  A  summary  of  its  characteristics  Is  given  In  Appendix 
J,  and  a  schemotic  diagram  showing  the  Hughes  M-252  computer  incorporated 
Into  the  antenna  drive  system  In  Fig.  4.3. 

Hughes  can  supply  a  modified  computer  within  5-8  months  after  receipt  of  contract 
for  a  basic  cost  of  about  580,000.  However  the  requirement  of  5  months  delivery 
would  lead  to  tight  scheduling  and  would  be  more  expensive  than  eight  months 
delivery.  Auxillory  units,  such  os  a  tope  reader  or  an  extra  drum  containing  a 
test  program  that  can  be  used  for  trouble  shooting  with  some  foult  Isolation  cap¬ 
abilities,  are  not  included  if)  the  above  price.  The  design  of  the  optimal 
program  is  a  specialized  technique  for  which  IBM-704-progrommers,  for  instance, 
are  not  too  well  adapted,  and  programming  will  be  the  vendor's  responsibility. 
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4,3  Operators  Console 


A  survey  of  the  optimum  method  of  controlling  and  monitoring  this  experimental 
communication  system  Indicated  a  requirement  for  an  operators  console.  This  wos 
agreed  to  by  Mr.  L.  A.  Ames  of  AFCRL  In  a  letter  dated  November  14,  I960  and  It 
Is  envisioned  that  two  operators  will  bo  stationed  at  the  console.  Provision  will  be 
made  for  mounting  the  following  components  on  the  console. 

a .  Power  distribution  panel .  (The  A/C  at  present  has  a  project  power  distribution 
system  installed  -  ref.  BAC  drawing  No.  5-71750,  diagrams  X22.65,  X23.65 
and  X24.65). 

b.  Navigation  instruments  (G.P.I.,  compass,  clock,  etc.). 

c.  Maser  monitoring  Instruments, 

d.  Receiver  monitoring  instruments  and  recorder  (about  I  1/2  sq.  ft.  of  panel  area, 
exclusive  of  recorder). 

e.  Transmitter  monitoring  instruments. 

f.  Modulator  monitoring  instruments  and  remote  control  panel  (about  I  1/2  sq.  ft. 
of  panel ). 

g.  Computer  and  antenna  monitoring  instruments. 

h.  Oscilloscope  -  (rack-mounted  Tektronix) 

i.  Interphone  Jack  Boxes  for  operators. 

In  addition  space  will  be  available  far  mounting  the  units  making  up  the  complete 
computer,  complete  in  their  cases,  within  one  or  more  af  the  modules  assembled 
Into  the  console.  The  console  design  shown  in  Fig.  4.4  has  been  assembled  from 
modules  made  by  the  Stantran  Division  of  Wyco  Metal  Products.  In  the  standard 
commercial  form  these  modules  will  withstand  about  7-IOg  loading,  but  all  the  modules 
can  be  supplied  in  a  strengthened  and  braced  form  to  withstand  the  20g  stressing 
specified  far  airborne  use. 

To  avoid  duplication  of  instruments,  the  two  operators'  stations  have  been  arranged 
in  line  making  up  an  assembly  which  is  over  9  ft.  long  and  will  be  positioned  in  the 
KC-135  in  the  fore-aft  direction. 
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Each  operator'i  controls  will  be  spread  over  66  3/8"  of  panel  space. 


The  size  of  an  instrument  panel  depends  primarily  upon  the  normal  arm  reach  of  the 
human  operator.  In  general,  convenient  arm  reach  is  about  28  inches  from  the 
respective  shoulder  pivof  point.  This  rule  Is  not  hard  and  fast  because  In  most 
situations  the  operator  has  freedom  to  bend  his  body  and  thus  extend  the  useful 
reaching  distance  (Ref.  51).  The  arrangement  shown  will  therefore  not  lead  to  excessive 
operator  fatigue. 

The  station  on  the  left  is  the  transmitter  operator's  station,  and  all  Instruments  and 
controls  related  to  the  operation  of  the  system  In  the  transmitting  mode  are  accessible 
to  the  operator. 

The  station  on  the  right  is  the  receiver  operator's  station,  and  all  Instruments  and 
controls  related  to  the  operation  of  the  complete  system/  in  the  reception  mode  are 
aoceisible  to  the  receiver  operator. 

All  Instruments  and  controls  common  to  them  are  mounted  between  them,  so  that  either 
one  or  both  of  the  operators  at  his  station  can  initiate  all  necessary  actions  for  his 
part  of  the  system. 

Recorder  System 

A  permanent  record  of  receiver  signal  strength  and  corresponding  azimuth  elevation 
and  polarization  angles,  and  timing  marks ^will  be  available  on  a  Brush  4-Channel 
Recorder.  The  recorder  pen“motors  showing  the  three  angular  positions  will  be  driven 
from  the  wiper  arms  of  precision  potentiometers  energized  from  stabilized  power  supplies 
and  mounted  on  Kearfott  remote  servo  assemblies  (see  Fig.  3.4  for  schematic  circuit 
diagram).  The  remote  servo  assemblies  receive  electrical  values  of  azimuth,  elevation 
and  polarization  angles  In  the  form  of  synchro  signals  from  the  synchro  transmitters 
driven  through  1:1  gearing  from  the  corresponding  output  shafts  of  the  antenna  platform. 
These  signals  are  received  on  the  control  transformers  In  the  remote  servo  assemblies. 

The  control  transfomier  output  Is  amplified  to  excite  a  servo  motor  so  that  It  will  drive 
the  control  transformer  to  null.  By  keeping  the  output  of  the  control  transformer  at 
zero,  the  shaft  position  of  the  motor  will  continuously  represent  a  mechanical  value 
of  the  corresponding  angle  and  will.  In  turn,  be  represented  by  the  voltage  across  the 
potentiometer  wiper. 
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5.0  RADOME  DESIGN 


5.1  Radomt  DImensloni 


From  an  tltctrlcal  itandpoint,  a  ipherlcal  trantmiffing  itclion  li  dtilrablt  for  o 
flxid  radomt  houting  o  scanning  anftnno.  Howtvtri  atrodynamic  ifuditi  show  that 
o  radomt  of  this  ihopt  Incrtatti  tht  aircraft  drag  much  mort  than  on  tlllptical  or 
faired  shape  having  the  same  frontal  arto.  Tht  following  tabulotlon  shows  tht 
tfftct  of  radomt  shapt  and  ilzt  on  oircraft  ptrformonctt 


RADOME 

HEIGHT 

RADOME 

WIDTH 

RADOME 

LENGTH 

l/H 

RANGE 

LOSS 

30" 

30" 

30" 

1.0 

12% 

30" 

30" 

90" 

3.0 

6% 

30" 

30" 

150" 

5.0 

3% 

The  shape  was  chosen  as  a  compromise  between  good  electricoi  characteristics  and 
minimum  effect  on  aircraft  performance.  The  final  radomt  has  o  ler»gth-to-htlght 
ratio  of  about  3  to  I  (39"  Hx  52"  W  x  lU^L),  and  causes  a  10  percent  loss  In  aircraft 
range. 

5.2  Rodome  Thickness 


A  single  sondwich  wall  radome  was  chosen  as  the  construction  that  would  best  provide 
good  electrical  performance  consistent  with  sufficient  physical  strength.  The  single 
sandwich  construction  consists  of  a  honeycomb  core  bounded  by  two  thin  high- 
strength  skins  with  a  rain  erosion  coating  on  the  exterior  skin.  The  thickness  of  the 
rain  erosion  coating  ond  the  radom  skins  are  0.01  inch  and  0.03  Inch  respectively. 

The  thickness  of  the  core  material  is  0.346  Inch.  These  are  the  optimum  dimensions 
calculated  with  an  existing  computer  program  used  for  radome  design. 

Various  flat-sides  cross-sectional  shapes  were  examined  for  strength  and  rigidity  In 
an  attempt  to  keep  the  aerodynamic  drag  of  the  dome  as  small  as  possible.  To 
determine  If  the  .03  -  .346  -  .03  thickness  was  satisfactory  would  require  tests  to 
determine  their  stress  distribution  and  deflection  characteristics.  To  avoid  this 
testing,  it  was  decided  to  use  a  configuration  In  which  the  station  plane  contours 
would  be  circular  arcs.  This  provides  a  structure  closer  to  one  with  known  character¬ 
istics  and  colculatlons  show  the  .346  core  -  .03  face  ply  combination  Is  acceptable 
from  both  a  strength  end  deflection  standpoint.  A  proof  pressure  test  to  verify  these 
calculations  Is  specified  In  the  radome  specification.  However,  this  does  Increase 
the  frontal  area  of  the  radome  and  this  circular  shape  causes  a  3%  additional  range 
loss  to  the  aircraft. 


5.3  Radome  Material 


One  main  problem  in  the  present  radome  which  ordinarily  is  rtot  encountered  in 
radome  design  is  the  dielectric  heating  of  the  radome  material  by  the  lO-kw  cw 
power  output  from  the  antenna.  Figure  5.1  shows  the  approximate  power  density 
of  the  lO-kw  Cassegrain  poraboloid  antenna  as  a  function  of  distance  along 
the  antenna  axis.  This  near  field  calculation  is  based  on  a  lO-db  cosine  illumination 
(ref.  21).  A  maximum  of  about  70  watts  per  square  inch  is  attained  at  distances  of 
30,  and  70-100  inches. 

The  radome  skin  chosen  to  withstand  this  high  power  flux  is  Emerson  and  Cuming 
ECCO-L-65,  low-loss  laminating  resin  (^=4.6,  tan  0.0058).  The  honeycomb 
material  is  glass-laminated  polyester  having  a  density  of  approximately  8lb/cu.ft 
(€.-  l.2^tanF  =  0.006).  A  sample  of  the  radome  was  tested  and  found  to  exhibit 
satisfactory  electrical  properties  up  to  300®F.  It  was  determinted  that  a  sandwich 
wall  construction  using  the  ECCO-L-65  resin  with  o  rain  erosion  coating  could  handle 
a  maximum  power  density  of  90  watts  per  square  inch.  If  the  rain  erosion  coating  ^s 
not  used,  a  maximum  power  density  of  180  watts  per  square  Inch  could  exist  without 
exceeding  o  temperature  of  300®F. 

5.4  Radome  Power  Transmission 

The  power  transmission  efficiency  of  several  radome  shopes  was  calculated.  The 
radome  electrical  thickness  was  chosen  for  maximum  transmission  at  a  mean  design 
incidence  angle  of  60®.  Figure  5.2  shows  the  minimum  one-way  power  transmission 
that  maybe  expected.  The  overall  average  power  transmission  that  may  be  expected 
is  about  96  percent.  The  distances  between  the  antenna  aperture  and  the  radome 
varies  from  approximately  12  Inches  to  74  inches  depending  upon  the  antenna  zenith 
angle.  In  any  case,  the  maximum  boresight  error  will  not  exceed  one-half  degree. 

5.5  Radome  Attachment 


The  equipment  installed  under  the  radome  can  only  be  reached  by  removing  the 
radome.  As  this  equipment  will  be  used  for  experiments,  o  method  of  attaching  the 
radome  which  would  permit  easy  and  rapid  removal  was  considered  a  primary  design 
objective.  This  feature  has  been  Incorporated  in  the  design  by  attaching  the  radome 
with  ten  latches  which  can  be  unlatched  by  the  removal  of  a  single  screw  in  each 
latch.  This  latch  design  provides  for  misalignment  when  re-attaching  the  radome. 
The  "snap  in"  weather  seal  can  be  quickly  installed  and  adjusted  and  it  does  not 
interfere  with  the  installation  of  the  radome. 
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Fig.  5.1  PCX-/ER  DENSITY  VS  DISTAIiCE  ALOrXJ  AITTENNA  AXIS 
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Fig.  5-2  CALCULATED  RADOME  ParcR  TRANSMISSION  EFFICIEJCT 


6.0  Site  Surve 


If  a  tingle  antenna  Is  used  and  substantially  upper-hemispheric  caverage  Is  required, 
the  antenna  must  be  located  an  the  tap  af  the  aircraft.  Locations  on  the  wings  or 
vertical  tall  were  ellminoted  because  the  flexibility  af  these  members  under  flight 
canditlons  would  cause  a  variable  orientation  relation  between  an  antenno  mounted 
an  their  structure  and  existing  body-mounted  attitude  sensors.  In  addition,  equipment 
located  near  the  wing  tips  or  on  the  vertical  tall  are  subjected  to  considerably  higher 
accelerations  during  flight  In  turbulent  air  than  equipment  located  near  the  center 
af  gravity  of  the  aircraft.  An  antenna  at  these  locations  would  be  considerably 
removed  from  the  majority  of  the  transmitting  and  receiving  equipment  which  would  be 
located  In  the  aircraft  cabin.  A  location  an  the  top  centerline  of  the  body  was 
therefore  chosen. 

AerodyfKimIc  studies  determined  that  from  a  drag  standpoint  the  preferred  location 
was  in  the  vicinity  of  body  stations  550  to  750.  Studies  showed  that  the  beam 
obscuration  by  the  wings  and  tall  decreases  In  forward  antenrxi  locations  (Appendix  L). 
From  o  structural  standpoint  the  location  was  not  critical  but  It  Is  undesirable 
to  have  the  radome  extend  across  a  circumferential  skin  joint.  The  antenrxi  support 
structure  is  simplified  If  the  area  adjacent  to  the  body  production  joints  is  avoided. 

The  structure  af  the  area  selected  will  '  provide  maximum  rigidity. 

Exterior  visual  inspection  of  the  radome  Irstallatlon  Is  convenient  for  locations  over 
the  wing  ond  such  locations  provide  a  platform  base  for  servicing  the  radome  ond 
antenna  equipment. 

After  weighing  the  above  factors  -  aerodynamics,  structural,  beam  obscuration  — 
the  antenna  was  located  with  the  centerline  of  the  azimuth  axis  at  station  670 
(Fig.  6.1). 
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7.0  ELECTRICAL  SYSTEM 
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7. 1  Generol 

The  KC-135  airplane  basic  electrical  power  system  (Fig.  7.1)  Is  copoble  of  furnishing 
120  KVA  of  400-cycle  AC  power  from  alternators  located  In  throe  of  the  four  engine 
pods.  A  portion  of  this  120  KVA  is  tronsformered  and  rectified  to  moke  available 
200  amps  of  28-volt  DC  power.  Of  the  total  power  ovolloble,  approximately  35 
KVA  Ac  and  80  amps  DC  are  required  for  general  airplane  systems  during  cruise. 

Power  from  the  alterrxitors  must  be  supplied  to  the  experimental  microwave  communi¬ 
cation  system,  in  which  the  klystron  power-ompllfier  is  by  for  the  largest  lood. 

7.2  Specific  A!  plone  Configurotlon 

Airplane  55-3120  assigned  for  this  program  has  been  prevbusly  modified  to  provide 
special  power  for  research  electronics  installations.  Modifications  have  added 
additional  transformer  rectifiers  and  inverters  to  provide  5  KVA  of  60-cycle  power. 

In  addition,  receptacles  for  400-cycle  power  have  been  located  in  various  places  in 
the  airplane.  The  largest  block  of  power  available  in  this  distribution  system  is 
from  a  400  cycle  three-phase  receptacle,  located  at  Sta.  857,  capoble  of  providing 
60  amps  per  line . 

7.3  Airplane  Modifications 

It  wos  assumed,  early  in  the  program,  that  the  existing  power  distribution  system  in 
airplane  55-3120  could  be  used  to  power  the  communication  system.  Varian  Associates, 
later  informed  Boeing  that  the  klystron  beam  supply  would  require  approximately 
40  KVA  (approximately  116  amps  per  line)  three-phase  power  with  an  additiorxil 
10  KVA  for  control  power.  Since  the  existing  power  distribution  system  will  furnish 
a  maximum  of  60  amps  per  I  ine ,  a  new  distribution  system  capable  of  40  KVA 
minimum  must  be  provided. 

Circuit  breakers  approved  for  airplane  installation  and  capable  of  carrying  over 
60  amps  continuously  are  not  available.  It  was,  therefore,  decided  to  provide  a 
.  multiple  feeder  network  consisting  of  eight  50  amp  circuit  breakers  and  four  No.  8 

feeders  per  phase,  as  shown  in  Figure  7.2,  to  furnish  the  required  transmitter  beam 
power.  Additional  .power  will  be  obtained  from  the  existing  60  amp  receptacle  at 
Sta  857.  The  40  KVA  required  for  the  transmitter  beam  power  Is  equivalent  to  fhe 
total  power  output  of  one  generator.  Since  this  load  plus  the  basic  airplane  load 
would  obviously  overload  one  generator,  the  circuit  Is  interlocked  with  the  generator 
controls  in  such  a  manner  that  if  the  generators  are  not  parallel  ed,  power  Is  not 
available  for  operation  of  the  communication  system. 
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:OPOSED  KLYSTRON  BEAM-POWER  MULTIPLE-FEEDER  SYSTEM 

FIGURE  T  2. 


A  tingle  pole  twUch  located  on  the  pilot's  overlieod  ponel  to  control  the  research 
equipment  power  was  changed  to  a  two-pole  switch  to  provide  positive  pilot  control 
for  the  existing  distribution  system  as  well  as  the  added  40  KVA  beam  pawer  system. 
The  communication  electrical  power  system  then  has  three  points  of  control  (Fig.  7.3). 

1.  The  pilot  con  turn  off  the  system  power  by  ope  rating  a  switch  on  the  overhead 
Instrument  panel . 

2.  The  system  Interlocks  will  turn  the  system  off  automatically  If  a  generator  falls 
or  the  generators  become  unparalleled. 

3.  The  system  operator  has  a  switch  which  controls  ail  power. 

Additional  controls  for  the  transmitter  are  provided  by  Vorian  Associates. 

7.4  Ground  Checkout 

The  existing  external  power  configuration  Is  adequate  for,  and  each  airplane  Is 
tested  at,  50  KVA.  Since  the  required  power  for  this  system  Is  somewhat  above  the 
50  KVA  there  Is  some  doubt  about  the  adequacy  of  the  system.  To  be  certain  that 
the  external  power  system  is  capable  of  carrying  the  required  power,  the  existing 
No.  2  copper  wires  In  the  system  are  replaced  with  No.  0  copper  wire.  This  Insures 
the  adequacy  of  the  electrical  system  for  full  power  ground  testing. 

7.5  Limitotlons 

Because  of  the  large  total  load  on  the  system,  the  pilot  should  monitor  the  generator 
loads  frequently.  During  a  water  Injection  take-off  with  this  communications 
system  operating,  the  electrical  loads  very  nearly  approach  the  maximum  electrical 
system  output  (  Appendix  M  ).  The  true  electrical  configuration  of  airplane 
55-3120  Is  unknown  and  any  additional  electrical  equipment,  other  than  the  basic 
airplane  equipment,  will  increase  the  total  load  further.  Because  of  this,  a  water 
injection  take-off  with  this  communication  system  operating  should  be  avoided; 
otherwise,  the  electrical  system  irray  be  operated  within  the  limitations  of  the 
Flight  Handbook,  T.  O.  IC-I35(K)A-I . 


BAC  1546  1-R3 


NO-  D6-7I90 

PAGE  79 


2-7000 


NI|CR-Ovv;AVE  COMMO^J1CATVO^J  ELECTR.\CAU 


F\G\J^E  7,3 


D6-7190 

80 


fl.O  Equipment  Cooling  Syitem 

Both  liquid  and  air  cooling  t/stemt  ore  employod  In  th«  airborne  antenna  tyttem. 
Vorlan  Aisoclotei  provides  a  liquid  cooling  unit  for  the  lO^kw  klystron  power 
amplifier.  Coolant  from  this  unit  Is  used  to  cool  the  rmser  receiver  and  the  micro¬ 
wave  transmission  components.  Forced  olr  Is  circulated  within  the  rodome  to  cool 
components  r>ot  reodlly  accessible  to  liquid  lines. 

8.1  Liquid  Cooling 

The  Hughes  receiver  Is  a  closed-loop  helium-cooled  maser  located  for  best  noise 
psrformonce  on  the  upper  ontenno  platform.  The  moser  heat-exchonger  compressor 
Is  liquid-cooled  by  running  o  coolant  line  from  the  transmitter  cooling  unit  In  the 
cabin.  The  coolont  is  transferred  thraugh  the  rototing  azimuth  drive  shaft  by  means 
of  0  sealed  liquid  rotary  (aint  In  the  lower  plotform  housing.  This  line  Is  also  used  to 
cool  the  microwave  plumbing  and  components. 

8.2  Forced  Air  Cooling 

Air  Is  drawn  from  outside  the  aircraft  ond  Introduced  Into  the  radome  by  means  of 
o  Torrington  Mfg.  Co.  No.  MSA-IIOOO  blower  and  a  duct  system.  Inside  the  radome 
the  duct  encircles  the  base  of  the  ontenno  and  has  nozzles  which  direct  the  air  flow 
toword  the  upper  plotform  assembly.  The  air  is  then  exhausted  overboord  through 
a  cutout  in  the  lower  aft  edge  of  the  radome. 

The  forced  air  cooling  system  requirements  were  based  on  maintaining  the  temperature 
of  the  air  In  the  radome  below  I25®F.  Maximum  ambient  air  temperature  on  the 
ground  was  assumed  to  be  lOO^F.  Radome  heat  loads  were  estimated  as  follows: 

Maximum  Ground  Conditions 

Solar  Load  1.2  KW 

Equioment  Load  3.0  KW 

TOTAL  LOAD  4.2  KW 

Amount  of  Air  Required  560  CFM 

Conditions  at  40,000  feet  altitude 

Convective  Loss  -1.4  KW 

Equipment  Load  3.0  KW 

TOTAL  LOAD  1.6  KW 


Amount  of  Air  Required  200  CFM 
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9.0  Aircraft  Modification 


Thf  design  considerations  of  the  Installation  on  the  olrcroft  were  flight  lofety, 
structural  Integrity,  antenna  system  performance,  ease  of  rm>dt  fleet  Ion,  and  minimum 
refurbishment.  This  Installation  will  add  drag  to  the  aircraft  to  the  extent  of 
reducing  the  range  and  rote  of  climb  by  on  estimoted  10  percent.  Such  penalties 
on  aircraft  performance  In  experimental  missions  ore  tolerable,  but  would  probably 
be  unacceptable  on  military  missions.  However,  the  rodome  drag  will  cause  a 
negligible  change  In  the  aircraft  take-off  performance  and  minimum  control  speeds 
and  no  restrictions  need  be  placed  on  aircraft  speed  or  altitude  due  to  this 
Installation. 

The  location  chosen  for  the  antenna  Is  near  the  forward  body  fuel  tank  vent  outlet. 
Fuel  vapors  vented  by  this  outlet  either  on  the  ground  or  In  flight  could  cause  an 
explosive  otmosphere  to  exist  around  the  antenna  which  contains  electrical  equipment 
and  wiring  carrying  a  potential  high  enough  to  be  a  possible  spark  source.  To 
ellmirwte  the  chance  of  an  accident  from  a  combination  of  the  above  conditions,  the 
fuel  tank  vent  outlet  will  be  relocated  aft  to  the  vicinity  of  the  aft  fuel  tank  vent 
outlet. 

The  forward  coverage  of  the  presently  Installed  upper  antl-colllslon  light  will  be 
partially  obstructed  by  addition  of  the  radome.  An  additional  anti-collision  light 
will  be  added  forward  of  the  radome  to  retain  complete  upper  hemispheric  coverage 
after  the  radome  is  installed. 

The  antenna  and  mount  system  are  designed  to  be  capable  of  withstanding,  without 
tearing  loose,  the  air  loads  to  which  they  would  be  subjected  if  the  radome  should 
fall  ond  be  carried  away  In  flight.  To  minimize  the  chance  of  radome  failure  due 
to  air  loads,  a  structural  proof  test  of  the  radome  is  specified.  Electrical  breakdown 
strength  of  the  radome  will  be  checked  prior  to  first  flight  by  full-power. transmission 
tests.  Approximately  50  drawings  of  antenna  installation  and  aircraft  modification 
have  been  prepared.  A  list  of  the  drawings  and  their  Boeing  index  numbers  are  given 
In  Appendix  N. 
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SUMMARY  AND  CONCLUSION 

A  design  study  of  an  airborne  microwave  antenna  system  suitable  for  radio  propogatlon 
studies  and  for  communication  has  been  reported.  Problems  relating  to  the  low 
receiver  noi^e,  to  the  high  hofismltter  power,  and  to  the  Instabilities  of  the  KC-135 
airplane  are  considered,  and  solutions  to  these  appear  within  the  present  state  of 
the  art. 

Microwave  noise  duo  to  atmospheric  absorption  is  significantly  lower  at  high 
altitudes,  permitting  closer  approach  to  the  theoretical  lower  limits  of  maser 
noise  temperatures.  This  puts  a  premium  on  low-noise  antenna  design.  Ground- 
based  radio  telescopes  with  X-band  noise  temperatures  of  85®  -  200®  K  (depending  on 
zenith  angle)  have  been  reported.  (30,31)  The  antenna  temperature  in  the  present 
system  will  not  exceed  40®  -50®K;  with  the  Hughes  maser  the  system  temperature  will 
be  below  60® K,  except  very  close  to  the  horizon. 

Ten  kilowatts  cw-power  at  X-band  was  unheard-of  on  the  ground  five  years  ago, 
let  alone  on  aircraft.  Problems  posed  by  this  high  power  oloft  include:  prinxiry 
ac  to  drive  the  transmitter,  dielectric  heating  of  radomes;  I^R  heating  of  rotary 
joints,  waveguide,  and  flanges;  high-altitude  voltage  breakdown;  related  heat-flow 
and  cooling  problems.  The  lowest  possible  losses  in  design  and  components  have 
been  sought.  In  general,  what  was  good  microwave  design  for  the  transmitter  was 
good  also  for  the  receiver.  All  critical  microwave  components  have  been  subjected 
to  close  scrutiny  and  testing.  Devious,  but  reolistic  and  theoretically  defensible, 
tests  have  been  devised  to  power-test  microwave  components  despite  the  non¬ 
availability  of  10-kilowatt  transmitters.  This  study  has  left  few  stones  unturned  In 
attempts  to  achieve  a  microwave  antenrKi  design  that  is  responsive  both  to  the 
explicit  specifications  and  to  the  demands  implicit  in  the  companion  klystron 
transmitter  and  maser  receiver. 

Microwaves  are  now  used  extensively  on  aircraft  for  gun-laying  and  fire  control 
radar,  employing  closed-loop,  null-seeking  servo  systems.  Basic  differences 
between  radar  and  communications,  plus  great  disparities  In  path  geometry,  have 
dictated  an  open-loop  antenna  pointing  system,  for  which  existing  hardware  is  poorly 
suited.  In  this  scheme,  faith  must  reside  in  the  pointing  computer  and  the  original 
inputs,  just  as  In  an  astronomer's  telescope  computations;  the  "object  in  space"  is  not 
usually  visible.  Considerable  effort  therefore  has  gone  into  devisirg  a  realtime 
computation  scheme  capable  of  meeting  the  demands  placed  on  it  by  rapidly  moving 
aircraft  and  satellite(s)  and  compatible  with  present  aircraft  attitude  and  reference 
sensors.  Hardware  suitable(with  modification) for  the  job  is  believed  to  be  available, 
lending  some  hope  that  the  airborne  communicator's  confidence  may  approach  that 
of  the  astronomer. 
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Modification  and  loss  of  performance  In  the  KC-135  resulting  from  this  antenna 
Installation  will  be  nominal.  Conversely,  the  KC-135  should  provide  a  nearly  Ideal 
platform  —lots  of  a-c  power,  smooth  fostrlde,  shirtsleeve  environment  —  on  which 
to  perform  radio  propagation  and  communication  research  studies. 

Research  programs  have  a  way  of  evolving  —  from  the  evidence  they  omass  — 
along  lines  not  readily  predicted  at  the  start.  An  airborne  microwave  radio  tele¬ 
scope  endowed  with  modest  resolution,  high  mobility,  and  phertomenal  sensitivity 
should  be  useful  for  many  studies  well  beyond  the  scope  of  satellite  communications. 
These  might  Include; 

high-altitude  noise  profiles 

radio  ducting  and  refraction  cloud  and  atmospheric  physics 
planetary  rodloastronomy 
earth  albedo 
reentry  telemetry 

Whether  then  for  research  or  communications,  for  science  or  engineering,  a  useful 
tool  has  been  delineated  and  its  technical  feasibility  established;  the  next  step  Is  to 
build  one. 
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APPENDIX  A 
ANTENNA  DESIGN 


A. 


Antenno  Reflector  Deiign 

The  equoflons  for  fht  paraboloid  (main  refleclor)  and  hyperboloid  (ceniral 
reflector)  con  be  expressed  as:  ^ 

p  cos^  »  f  (1) 

where  p  and  f  are  polar  coordinates  and  f  Is  the  focal  length  (Fig.  A-l) 
and: 

+  Px  +  r  «  (2) 

wtiere  x  and  y  are  rectongular  coordinates  and®^,  P  and  ^arc  constants  to 
be  determined. 

Substituting  p  sinf  =  y  Into  equation  (1)  we  obtain. 


-r-^  (cos  )  =  f 

sinf  '  2  ' 


or 


(4  f^  +  y^)  cos^  f  +  2  y^  cos  1^  +  (  y^  -  4  f^)  =  0 


therefore 


COS  tp  =  — ^ 

4  r  +  y^ 


Taking  the  positive  sign  only,  we  hove. 


and 


f2.  2 

cos  (p  =  - 

4  r  +  y^ 


tan  i)r 


From  Figure  A-l, 

when  =  •!>  2r  y  ^  1*2 

then. 


4  f  b 


o 


(3) 

(4) 

(5) 

(6) 

(7) 
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when  ♦  "ti  »  y  ■  ®  ♦  I  ”  ~ 


g  +  X 


4f  -a' 


_ R_ 

g+  X 


Solve  f  from  Eqs.  (8)  and  (9) 

,  .  obgt/  b%^-b(oJ-bR)  (K-b) 
2  (bR-o^) 

In  order  thot  f  be  a  reol  number.  If  should  be  such  that 
b^  b  (o^  -  bR)  (R  -  b) 


b  (bR  -  -  9^) 


To  minimize  the  blocking  effect  of  the  central  reflector,  the  smallest  a  must  be 
chosen,  therefore: 

2  .  b  (bR-R^-g*;  ,,,, 


In  this  cate  Equation  (10)  becomes: 


2  (bR-o^) 


From  Figure  Ad  the  following  equation  can  be  obtained  from  the  geometrical 
configuration  of  the  central  reflector. 


where 


Therefore 


(g  +  “  X  =  [b  ”  (  “  rf  *=  (C  +  r)^ 

1 

r  =  (x^+y^)^  and  C  =  L-R 


(g  +  x/  -  (l-r/  2  (g  +  «/.a-R^)2 

- e -  X  “(g  +  x  )  - - 5 - 

(L  -  R  °  (L  -  R 

o  o 
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(fl  +  -  (L 

4  i - 2 - 

4  (L  -  R 

0 

Comparing  Eq.  (16)and  Eq.  (2),  It  Is  evident  that 

(g  +  X  -  (L  -  R 

d  .  - j - 

(I  -  R  ) 

O 


(g  +  x  )  -(L-R  ) 

P  *  "  - 5 -  “ 

(L  -  R  ) 

o 


(04x)2-L-r/  (L-r/ 

ir  e  -  = - c</ 

2  (L-R  )  4 

o 

Therefore,  Equation  (2)  can  be  written  as: 

2  C-.R/ci^  j 

X  -(g+x)^X,x  + - “  y  (^8) 

°  4 


Ftpm  Ref.  (3)  P.  3,  for  a  30  db  sldelobe  Taylor  distribution,  the  Ideal  beamwidth, 
^  o  =  60.55°  but  we  want  a  beamwidth  of  ®o  *=  5®;  so 


P 


o 


0 

o 


60.55" 

5” 


12.11 


(19) 


From  Ref.  (3),  P.  6,  the  above  value  corresponds  closely  to  n  =  3  which  has 
an  aperture  distribution  as  shown  in  Figure  A-2 and  the  voltage  ratio  ,  between 
the  center  and  the  edge  of  the  aperture  Is: 


^  0.4142 

A"  -QMU 


3.62 


1 


(20) 


From  the  radiation  pattern  of  a  circular  waveguide.  It  Is  found  that  the  point  with  the 
voltage  0,276  of  that  of  the  center  makes  an  angle  of  52®  with  the  axls^,  therefore* 


a 

®  "  tan  52® 


0.782  a 


(21) 
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BAC46IC-I4  . 


As  a  rule  of  thumb,  the  diameter,  D  |Of  the  parabolic  antenriO  with  a  **30  db 
ltdelabe  can  be  expressed  opproxlmalely  as 


D 


^ere 


en  „  io^  .  2, 

®(HP)  ^ 


X  ”  Free  space  wavelength  at  7.7  kmc 


0  ■  Half  power  beomwldth 


therefore,  the  main  labe  gain,  Gm,  ossumtng  an  antenna  efficiency,  ,  af  0.4  It; 


Gm 


(-t")  1 


3.14  X  24.6 
1.54 


X  0.4 


1000 

30  db 


For  expediency,  a  2-foot  parabolic  disk  will  be  chosen,  thus 


Far  minimum  lidelobe  considerations  and  far  a  suitable  feed  dimension,  an  optimum 
ratio  of  a  ■  0.16  was  chosen,  so 

U 

a  *=  0.16  b  =  12  In.  x0.16  -1.92  in 

And  the  screen  coefficient 

2 

T  ■  '  -  (  T  )  =  I  -  0.256  «  0.9744 

or  97.44%  which  will  Increase  the  sidelabes  from  -30  db  to  -26  db.  From  Eq.  (21)  we  get 
g  “  0.782a  *  1.50144  In 
Substituting  the  above  values  into  Eq.  (13),  we  can  solve  far, 

R  «  0.5033  In 


and  Into  Eq.  (14),  we  obtain 
f  =  7.350242ln 


From  Eq.  (8). 
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0.392391  In. 


X  =  — ^ - U  m 

°  4fb 

And  from  FIguie  A^  we  can  solve  for  the  following! 

R  =/x  ^  1.95968  In. 

o  ° 

A"?  '  J 

L  -/gSo  =  2.43735  In. 

SubsfltuMng  die  re  ulh  Into  Eq.  17,  we  obtained, 

14.7184 
p  =  27.87416 

Jf  =  12.357633 

Therefore,  the  equation  of  the  parabola  (main  reflector)  is 

p  cos^  =  7.35024 

and  the  equation  of  the  hyperbola  (central  reflector)  is 

14.7184x^  -  27.87416  X  +  12.357633  =y^ 


B.  Antenrxi  Feed  Design 


The  transition  from  a  rectangular  waveguide  (RG“5I/U)  to  a  cylindrical  waveguide 
antenna  feed  at  8  kmc  can  be  accomplished  by  using  quarter-wavelength  step  trans¬ 
formers.  As  the  primary  modes  In  both  the  circular  and  the  rectangular  waveguides  are 
similar  (TE-mode),  the  cylindrical  waveguide  may  be  excited  directly  from  the  end. 
However,  if  the  rectangular  waveguide  Is  terminated  abruptly  In  the  cylindrical  wave¬ 
guide,  the  VSWR  will  be  high  because  of  the  sharp  discontinuity  at  the  junctlcn  .  There¬ 
fore,  a  quarter-wavelength  transformer  may  be  used  to  Improve  the  Impedance  trans¬ 
formation.  Two  conducting  blocks  are  used  to  form  the  quarter-wavelength  step-transformer 

at  the  junction  of  the  waveguide  (Fla,  A-3). 
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B-B 


Figure  A-3  TRANSITION  FROM  RECTANGULAR  TO  CYLINDRICAL 

WAVEGUIDE  ANTENNA  FEED 
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[)«iign  Data 


(!)  Rechingular  Wavagulda  -  TE^q  Mode 


O.  0.  a  •*  1.25  In. 

o 


b  »  0.625  In. 

0 


I.  0.! 


1.122  In. 


0.497  In. 


X  «  2 o,  «  2.244  In. 

c  I 

f  r.  »  5.263  kmc 

c  X 

c 


X  “  1 .963  In.  (of  8  kmc) 

8 


Length  of  the  step  transformer,  L_,  Is 

K 


=  0.491  In, 


ond  the  reduced  radius,  R^,  In  the  H-plane  is 

H 


H 


'  ( 4  +  R)  =  -I  (  +  0.5) 


T  'T 


(2)  Cylindrical  Waveguide  -  Mode 


I.  D.: 


0.5  In. 


3.41  r  =  1.705  In. 


6.928  kmc 


0.5  In. 


2.95  (at  8  kmc) 
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The  length  of  the  step  transformer,  L^.,  is 

Lc  ■  -  «  0.74  In. 

and  the  reduced  radius,  In  the  E-plane  Is 

R,*— ! - (_J_ +R)=|/2(-2:i’Z -  +0.5)  =  0.375  In. 

t  2  2  2 


C.  Antenna-Feed  Tuner 

A  compound  double-screw  tuner  in  the  rectangular  waveguide  is  used  for  antenna  Impedance 
toning.  The  tuner  Is  a  two  fixed-position,  susceptance-screws  spaced  one-eighth  guide 
wavelength  apart.  These  screws  Introduce  either  Inductive  or  capacitive  shunt  susccptance 
at  very  nearly  constant  phase.  Because  of  the  use  of  large  rounded  screws,  the  depth  of 
insertion  for  a  given  reflection  is  small,  thus,  the  danger  of  voltage  breakdown  at  the  tuner 
Is  reduced.  To  facllate  manual  tuning,  the  tuner  section  Is  located  close  to  the  back  of 
the  paraboloid  antenna  disk.  (Fig.  A-4). 

D.  V$\VR  Measurements  of  the  Feed  Assembly 

The  antenna  feed  assembly  consists  of  a  double-screw  tuner,  a  rectangular  to  circular 
guide  transition,  a  Teflon  pressurizing  cap,  and  an  antenna  central  reflector.  (Fig.  A-5) 
The  measured  Input  VSWR  of  the  feed  assembly  without  tuning  It  1. 1  at  the  design  frequency 
of  8  kmc,  but  was  higher  at  the  transmit  (8.35  kmc)  and  receive  (7.75  kmc)  frequencies 
(Fig.  A-6a).  With  proper  tuning,  using  a  sweep-frequency  reflectometer,  the  input  VSWR 
was  reduced  to  below  l.l  at  both  frequencies  (Fig.  A-6b).  The  pressurizing  cap  has 
negligible  effect  on  the  VSWR  of  the  feed. 


2*7000 


Antenna  Feed  Assembly 

Fig.  A- 5 

DG-7/90 

BOEING  AIRPLANE  COMPANY 

SEATTLE  24,  WASHINGTON 

PAGE 

lOl 

154^  I  R3 


APPENDIX  B 


Colculotlon  of  Solar  Nolle  Tcmperofure 


The  power  radiated  by  a  black  body  of  temperature,  T,  In  a  frequency  band,  B,  con  be  exprcued 
oi^ 

.  2»I<TB  /  2 

P  ■  - - —  watti/m 


where: 


K  ■  Boltzmani  constant  =  1.38  x  10 

X  *  wavelength  In  meter 

T  ■  temperature  In  Kelvin 

B  ”  bandwidth  In  cps. 


Therefore,  the  total  power,  P^,  radiated  by  the  sun  1st 


2  V  kTB 


4  V  R  watts 


ond  the  solar  power  density,  P^,  on  the  earth  Is: 


2  w  kTB  /  R 


(■t) 


where: 


R  =  radius  of  the  sun  *  8.64  x  10  miles 


sun-to-eorth  distance  =  93x10  miles. 


For  a  disturbed  sun,  the  probable  maximum  noise  radiation  at  8  kmc  is  five  times  thot  of  o 

black  body  at  6000®K,®  thus,  T  Is  30,000*K.  Substituting  all  numerical  values  Into  Equation  (3) 

yields: 

=  7.45x10"^^  _30^  j  vMlfs/m^  (4) 

X 

The  total  noise  power  Intercepted  by  the  antenna  beam  pointing  at  the  sun  can  be  written  as: 


kT  B  =  PA  *  7.45  X  10'^^  S 

e  r  j^2 
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wherei 


T  ■  equivalent  antenna  temperature 

A  ■  effective  antenna  aperture 

g  »  antenno  gain. 

The  equivalent  antenna  temperature  It  then  reduced  tor 

■  1.3g*K.  (6) 

If  the  rrxiln  beam  of  the  30-rjb  ^jaln  antenno  is  pointing  toward  the  tun,  the  antenna  temperature 
will  be  Increased  to  I3(X)*K.  This  would  Incapacitate  the  lystem  during  the  receiving  cycle. 
However,  the  sun  as  observed  at  the  earth  have  an  angular  diameter  of  about  0.5  degrees. 
Consequently,  although  the  black-out  Is  only  a  temporary  or  transient  nature  in  satellite  com- 
munlcatioru.  It  cannot  be  avoided. 

Efforts  should  be  made  to  minimize  the  solar  noise  Intercepted  by  the  sidelobe.  An  Increase  In 
the  antenno  temperature  for  antennas  of  various  sidelobe  level  when  the  sidelobe  Is  pointing 
toward  the  sun  Is  tabulated  as  Follows: 

Sidelobe  Level 

-10  db 
-15 
-20 
-25 
-30 


^e  = 

I30®K 

40* 

13® 

4® 

1.3® 
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APPENDIX  C 


Colculotion:  of  Noi>a  Tomperoturq  Due  to  Oxyptn  ond  Woter  Vapor  In  th«  Atmoyhert 

calculated  the  effective  noise  temperature  due  to  atmospheric  ox/gen  and  vvoter 
vapor  at  the  terminal  of  a  hlgh-goln  antenna  at  sea  level  with  a  frequency  range  of  0.5 
to  40  kmc.  At  8  kmc,  the  effective  temperature  IncreosM  from  about  3*  to  I20*K  at  the 
zenith  angle  Is  increosed  from  0*  to  90*.  in  his  calculation,  only  the  first  20  kilometers 
of  the  atmosphere  were  considered. 

For  airborne  antennas  at  high  altitudes,  the  noise  temperature  due  to  oxygen  will  be  much 
less  than  thrt  ot  sea  level  and  thot  due  to  water  vapor  will  be  negligible  since  almost  no 
water  vapor  exist  beyond  5  km. 

in  the  following  calculations  for  noise  temperature,  the  first  50  km  of  the  atmosphere  will 
be  considered.  This  will  give  o  truer  and  a  slightly  higher  temperature  than  the  calcui- 
otions  shown  in  reference  16.  The  antonr>o  pattern  assumed  will  be  a  delta  function  of 
response  versus  angles  ond  therefore,  subtends  an  infiniteslrml  solid  angle.  The  temp¬ 
erature  of  such  an  antenr>a  is  given  by:^^ 

00 

o(  T  exp  (  - 
r  r 

wheret 

*  onTenna  noise  temperature 
T  =  temperature  at  a  point  r, 

o(  r  ®  power  absorption  coefficient  due  to  both  oxygen  and  \vafer  vapor  at  a  point  r  , 


For  noise  temperature  calculations  at  high  altitude,  the  power  absorption  coefficient.  Of  , 
will  bs  assumed  to  be  directly  proportlonol  to  the  density,  P  ,at  that  altitude.  Figure! 

-1  and  -2  are  curves  of  otmosphere  temperature  and  density  os  o  function  of  altitude 
plotted  frorrl  data  In  the  ARDC  model  atmosphere,  1959.  ^  The  equation  corresponding 
to  each  portion  of  the  curve  ore  also 
shown.  The  noise  temperature,  T^, 
can  then  be  cdicuiated  by  substituting 
these' distribution  equations  into 
equation  (1). 

To  evaluate  Tq  of  on  antenna  at  any 
altitude,  h,  and  pointing  ot  any 
elevation  angle,  0,  Equation  (1)  can 
be  written  as: 


T 

a 


0 


sec  6 


0 


dh 


(2) 
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P,-2nn.66*K  <h<53  Km)  |  | 

I  I 

r,,-  (h  -.25)]  'K  (25<h<47.(»  Km) 

Pk-  216.7*3  ‘K  (l.l<h<25Km)'  ’  !  '  '  I 

^  I  ■  '  1  '111 
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VAIlIATIOIl  OF  Ar/iOSPllElilC  TEIMiATURE  Fir,.  C-1 
WITH  ALTITUDE  D6-7I90 

BOEING  AIRPLANE  COMPANY  PAOf'O^ 


BAC  46!  C-R4 


606?  9 


p 

g  20 


A.  0.0053^^1  exp  fziiLzJilL] 

L  7.65/47  J 

B.  'f/ -  0.30007/4  exp  r-(h  ♦.  11)  ] 

^  L  6.69/i»3  J 

C.  0.5/i/40^>  exp  f~(h  -  6)  I 

1  «.3/^V3J 

D.  ^  *  exp  (-h/9»B52) 


(33  <  h  <  50  Km) 


(11  <h  <38  Km) 


(6  <  h  <11  Km) 
(O  <h  <6  Km) 


DENSITY  in  Ke/m 


VAIUATION  OF  ATMOSPllIRIC  DENSITY 
WITH  AJ.TITUDE 


BOEING  AIRPLANE  COMPANY 
SEATTIE  24,  WASHINGTON 


Fig.  C-2 


wherei 

the  absorption  coefficient  ot  h, 

h  « 

r/sec  0 

dh  ■ 

dr/iec  0 

'h  * 

temperaturo  at  the  altitude,  h. 

since  the  absorption  coerficiont,  is  directly  proportlorsal  to  the  density, 

Th 

h  ^  7- 

>  o 


^Vo  •  A*  ®  kmc,  the  otionuotion  of  th^  atmosphere  at  ground  level  Is  about 


0.01  dbAm,  thoteforn,  -  0.002. 

o 

(I)  Evaluation  of  the  integral  0/  dh  : 


i,,jh  ^  -y. 


(I 


/3 


?: 


clh 


(o)  For  o  <  h  <  6  km 


[  =  o.ooz  j  Jh 

o  )  c 


=  0.0 197 

(b)  For  6  <  h  <  1 1  km 


/  '  ^  £).  3 


(  Uhdh  -  i  ex'/,  (  o<hdh 

)o  JA 


(3) 


;4) 


o.oo893P.-^ 


h-h 


0.5440G  e  jti 


h  ~  h 


r=  0.OI3II  -  0.oo9I2?>G  e  b 


(5) 
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(c)  For  1 1  <  h  <  38  km 


.11  /h 

1  \  o^hJh  o^hJh 

>•  K  hi 


=  0  0  13075  f  o,oo2  (  O.3ooo74  ^  ^.(>94S  cJh 

hi 

h-n 

zz  0.0 1  ^  (>7 5 0.  oooGooiS  ^  i>  (9<d4^ 


(d)  For  38  <  h  <  50  km 


/h  ,  /i« 

\  (  oihcll^  ^  I  olhclh 

)f>  K  MA 


A  ._bM- 

=  0,ol36Gh  O.ooZ  (  o,ooS32te 

hs 

.  A- 38 

—  Q  o  f  3  J4  3  -  0.  oooS  14-^  ^  7.b54l 


(2)  EvaluoHon  of  T  ut  20,000  feet  (6.096  km) 
a 


The  noise  temperature  at  20,000  feet  is  evaluated  by  flnt  calculating  the 
temperature  AT,  contributed  by  the  first  20,000  feet  of  the  atmosphere.  Tq  at 
20,000  feet  Is,  then,  the  noise  temperature  at  sea  level  minus  the  differential 
temperature  A  T  ^ 

(a)  Calculations  of  AT  up  to  6  kilometer: 

f  o/hTh  1>€c0  f  oihdh  Jh 

A  A  -- 

-  6e^o  I  0.00Z  C  ( Z86  h)  • 

h 
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at^  = 


expj'0.o/97^/^e  3&^^'\5ec0^dh 

,(, 

0.576}2if,»  f  ._h_  I-  h  1 

^o.n97ifce  j  <?  explo.e>/97^e(S  9tii  jjh 


O.o/297025ece  f  A  -  — t- 

g*.»/97  5fv9 


X  =  C'  9.952 


/?'  -  9.S52  /ji3  ^ 


c/^i=  -  9.85? 


/)=o  0(=  /  .  TC  ~  0.S4-4-O6 


Substituting  the  value  of  h  , 


r  0, 

'(’  ^O.ol97i,c9  )  6  d% 


jr  0.544®^ 

/.  259633^(9  .  ff,oi^y$6c9% 

^o.o>97Ul9  1  ^  dH 


0,omUc9  0,0  197 
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no 


\o.ol<^n^LO 


(  0.OIV7  U(9X) 


n  )  OM^-OG 


^  0.0,07, 0i>c. 


.  63.W554  (  o.oi'>7i0^i.B 

P<,.oi<}7io(9  O.6o2ol34-e  .  a(>o9D/3<f- 


0,oodSec9  -  ^.a3X'o"^5^c^6>  -  3.5'^34X/^  5ec  ^ 


-  /.^5I4‘2  X  /£> 


(b)  Calcubtlons  of  AT  up  to  6.096  Icm  (20,000  ft): 

r  1 

^<6.o$6  =  +  ■5^64  (y'/iTh  eXj^j-SecO  j  o(hdhjJhi 

_  T  < 

-Al^+iec^j  (5i,£,i>2  X  0. 544^6  ^  8.3693  • 

(285.  i^-^.4-89l  h )  £xf>  j-  >c0  fo_  o  IBII  - 

-  ,  7 

P.O02l2e(>  £  8.3993  (  I/, 


^7^.09^-  ’^52'0'f  2  0no^l')-ieiO  o.ctSBifcB 
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«  o.yi5i^6  • 


t,><,9i‘)i*<e  ^  lo’'^  “betS 

\ 

y,31  Y  lo''^  iei^9  ■» 


f  A  /  7/5  X  /  Ifpc^  0 


(3)  Evaluation  of  T^  at  40,000  feet  (12.192  km) 

The  procedure  used  to  calculate  the  noise  temperature,  T^,  at  40,000  feet 
is  similar  to  that  used  to  calculate  the  noise  temperature  at  20,000  feet. 

Tq  at  40,000  feet  Is,  thei?,  the  noise  temperature  at  sea  level  minus  the 
differential  temperature  AT|2  192'  By  substituting  the  equations  In 
FlguresC-l  andC-2  into  Eq.  (lO),  AT  at  40,000  feet  can  bo  calculated. 


7/2,/52  =  ®  olhTh  ^ypj.'j'icS  O^hc/h  Jf, 

U  '  I  )c  J 

^  5ec9  I  O^hTh  I  Jh 

o^^Th  j (10) 

/»/  ^  J 


AT,,.,, 2  =  5-^  (  ' 


0,0/97 [^ /- e  '  c//i 

(  n  _ h-  ^ 

-f  I  0, 0(^2  K  0.  ^44^0(0  ^  ^.38  93 
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d  h  -f-  < 


(z8SJ(’-’ -  ooo<)iz%(, 
.  — 'j  I  /  iz.fU 

e  JJ  ^  5^.6^  I  ^.^44^oi 

h‘0 

f  TTSW’  /'2/^.73)  exp  J  ( 0.0/376^ 

o.of>oC>  exp  \ - tldl - 1  [  clh 

I  i  6.60  4-S  JJ 


y  /2. 

'O^cO  I  o.oo2^  o.^44oCy 


0/^76^  - 


0,0  oo 


Because  of  the  lengthy  numerical  computation  involved,  the  caiculotiont  of  AT 
ot  40,000  feet  will  not  be  included  in  this  paper.  The  results  are  tabulated  in 
Table  C-i  andC-2. 

(4)  Evaluation  of  T  at  Sea  Level 
a 

The  noise  temperature  at  seo  level  is  evaluated  by  summing  ail  the  contribution 
of  the  atmosphere  from  the  sea  level  to  an  altitude  of  50  kilometers.  Beyond 
this  height,  the  noise  contribution  is  negligibly  small.  Again,  by  substituting 
the  equations  in  Figures  C-1  andC-2  into  the  following  equation,  the  tem¬ 
perature  ot  seo  level  con  be  calculated. 

X  =  ieco(  >y/hTh  €yp  &  f  cyf,c//il  cih 

)  o  J  0  y 


+  Secoi^  (^^hTh  exj^f- iec  i)  j  c/hJh  Jh 

exp[-  ^ 

II  ' 

‘?eco(  o/hTh  €;(p['5ece  [ 

5e<  ["''"o/hT/i  exp 

J  38 

r"  o^hT,,  exp>[-5fc(9 


Jh  1  Jh 
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(5)  Evaloatlonof  Tq  at  any  altitude  when  the  antenna  beam  li  pointing  at 
0»90*. 

When  the  ontenna  li  pointing  at  0  ■  90*,  sec  90*  becomei  Infinity,  and 
Equations  (8)  to  (It)  cannot  be  used  to  evaluote  the  noise  temperature  at 
this  angle.  However,  by  taking  into  occount  the  curvature  of  the  earth  It 
can  be  shown  that  sec  9  at  6  *  90*,  can  be  replaced  by  CSC  f . 

The  figure  at  the  left  shows  that  when 
the  antenna  Is  pointing  at  the  xanith, 
the  noise  temperature  difference  be-^ 
tween  a  point  at  h  altitude  and  a  point 
at  sea  level  Is  the  noise  contributed  by 
the  atmosphere  from  A  to  E.  When  the 
antenrra  is  pointing  at  an  angle  0  90*, 

the  noise  temperature  between  points  A 
and  B  Is  AC^BO.  Since  the  radius  of  the 
earth,  R,  is  much  greater  than  the  altitude, 
h,  the  angle  CBO  Is  very  small .  Therefore, 
the  noise  temperature  difference  between 
BC  and  BD  can  be  neglected,  and  the 
noise  difference  between  points  at  h  alt¬ 
itude  and  at  sea  level  when  the  antenna 
is  pointing  at  0  =  90*  Is  that  portion  of 
the  noise  radiated  Into  the  antenna  when  the  beam  traverses  the  distance  BA. 
Therefore,  In  Equation  (2),  h  =  r/sec  0  can  be  replaced  by  h  *=  r/csc  without 
appreciable  error  when  0  =  90®.  Fram  the  geometry,  i}i  can  be  determined  asi 

AB«J  2Rh 

Substituting  R  =  3960  x  5280  feet  and  h  =  20,000  feet. 


ZenHh 


CSC  ^  =  45.6,  ^  =  1.26® 


For  0  ~  90®,  Equation  (2)  can  be  written  as, 


po  ^ 

TA  =  CX>f  ^  expf-  I 


(12) 
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(6)  The  resulfs  of  Equations  (8)  to  ()2)  for  AT  ot  6,  6.0?6  (20,000  ft.),  11, 

12.192  (40,000  ft.),  20,  25,  30.48  (100,000  ft.),  38,  47.4  ond  50  Mlo- 
meters  for  antenna  angles  0*,  60*,  80*,  85*  and  90*  are  tabulated  In 
Table  C-1 .  The  noise  temperature  Tq,  due  to  oxygen  ond  woter  vopor  In 
the  otmosphere  at  sea  level  and  at  altitudes  up  to  50  km  Is  tobulated  in 
Table  C-2  and  plotted  In  Figure  C-3. 
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Table  C-1  f^)I!iK  n.ril  U<Ann(K  U1KFI'3(I.NC1':,  AT,  IJKTWKKN 
:5KA  I,KVM.  AMD  DIFKKUl.HT  ALTlTUDt:i)  FOIt 
GWHIAL  ANn';MflA  I/X)K  AWILKJ 


ALTITUDE  I 
(KILOMETaiO)  I  zenItR 


6 


AlfTENNA  LOOK  ANGLE 


CO* 


6.096 

11 

12.192 

20 

25 

30.  A8 

kl*h 

50 


2.a65‘K 

2.5358 

3.7957 

3.9388 

4.U75 

4.5397 

4.8311 

5.0545 

5.0674 

5.0693 


4.7726 

4.9891 

7.4901 

7.7725 

8.7388 

8.9799 

9.7614 

10.2272 

10.2568 

10.2607 


13.6232 

14.3880 

21.1593 

21.9506 

24.59U 

25.2531 

27.3402 

28.5427 

28.6150 

28.6254 


85‘ 


26.2977 

27.5022 

40.3311 

41.7736 

46.6460 

47.8616 

50.8818 

53.0937 

53.2432 

53.2625 


90* 


92.1717 

93.4537 

128.5322 

131.6667 

U3.3437 

U6.4762 

155.9789 

165.2817 

165.6197 

165.6677 


Table  C-2  NOISE  7F3-1PERATU11E,  T^,  DUE  TO  OXYGEN 
AND  WATUl  VAPOR  IN  THE  ATMOSFHEIHE 


ALTITUDE 

ANTENNA  LOOK  ANGIJB 

(KII>0in5TEltS) 

0 

0 

60“ 

80” 

85' 

90“ 

Soa  Level 

5.07“K 

10.26 

28.6 

53.3 

165.7 

6 

2.653 

5.49 

15.0 

26.97 

73.5 

6.096 

2.53 

5.27 

14.21 

25.8 

72,. 25 

11 

1.274 

2.77 

7.47 

12.93 

337.14 

12.192 

1.13 

2.49 

6.7 

11.5 

34.1 

20 

0.652 

1.522 

4.031 

6.617 

22.324 

25 

.  0.53 

1.281 

3.372 

5.401 

19.192 

30.48 

0.237 

0.499 

1.285 

2.381 

9.689 

38 

0.016 

0.034 

0.083 

0.169 

0.386 

47.4 

0.002 

0.004 

0.010 

0.019 

0.053 
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APPENDIX  D 


ColculoHon  of  Tolol  Equivolent  Anf«nr>o  Ttniperoturg 


The  following  equation,  wo$  used  to  evaluate  the  antenna  noise  temperature  due 
to  atmospheric  (oxygen  and  water  vapor)  and  ground  embslons: 


( 


^  A0I 


vdiere 


Ta  ■ 
T]  = 
■ 


equivalent  antenna  temperature 
dlrectloixil  effective  temperature 
directional  gain  function 
Direction  of  interval  angle 


(1) 


The  noise  temperature  Is  calculated  by  determining  the  average  temperature  of  the 
medium  In  which  the  antenna  beam  I*  pointing;  the  average  is  weighted  by  the  gain 
function  of  the  antenna.^®  A  Cassegrain  paraboloid  antenna  pattern  was  chosen  for 
the  calculation  (Fig.  D  -I).  The  antenna  gain  Is  30  db  and  the  half-power  beam- 
width  is  5  degrees  with  sidelobes  25  db  below  the  main  lobe.  The  noise  temperature 
contribution  from  the  sidelobes  and  backlobes  pointing  toward  the  earth!  is  greatly 
reduced  because  the  airframe  shields  the  antenna  from  ground  emission;  The  reflection 
coefficient  of  the  aii^tome  Is  assumed  to  be  90%. 

The  percentage  of  the  total  power  radiated  by  every  five  degrees  of  the  antenna 
pattern  In  Figure  D-l  Is  tabulated  In  Table  D“l .  The  pattern  Is  assumed  to  be  symmetrical 
with. respect  to  the  beam  angle  T  =  0®  axis;  0®  Is  the  maximum  position  of  the 
main  beam. 

Tables  D-2  to  D"I0  show  the  incremental  contribution  of  the  antenna  temperature  due  to 
atmospheric  and  ground  emission  at  altitudes  of  40,000  feet,  20,000  feet  and  sea  level . 
The  nolr.e  temperature  was  evaluated  at  antenno-look  angles  of  0®,  85®  ond  90®  res¬ 
pectively  .  A  summary  of  the  results  is  tabulated  In  Table  D-1 1 . 
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fllf  NO  _ 

_ _ SHEET _ CP _ 

PLANE  ITPf _ _ 

_ MODEL  SCALE _ 

ANTENNA  TYPE 

iograin  P( 

arobolold  AntcnrKJ 

ANTENNA  LOCATION 

EREQUENCr  rLTll  SCALE 

8  kmc 

MODII 

.MODEL  SURTACE _ A|l 

zmlnuTTt 

r 

mi 


M 


■■Xlll 


BOEING  AIRPLANE  COMPANY 


OI»Er<tATOK- 

APPROVCD. 


VARIABlt  ANGIJ  0  (  J  „  0  I  1 

CONSTANT  ANGIC  (P  *=  -  0  «E - 

POLARIZATION  £(p  1  J,Eq  t  ),  _ 

Q  ~  Horliontol  ongl*  0  —  V»fllcq|  ongl# 

HOTTEU  IN  voltage  (  ),  POWER  (  ),  DECIBELS  (  x  ) 


CURVE  PLOTTED  IN  VOLTAGE  (  ),  POWER  ( 


Table  D-1  DIS'llllHUTiON  OF  TJfE  AJJTENHA  BEAM 

IN  FIG.  D-1 


PaiTION  OF  THE  REAM 

DbCUKF-S 

n. 

^  2Tr 

PERCENT  Itr./ER 

0-5’ 

A8.316  % 

5  -  10 

0.2305 

10  -  15 

0.297 

15-20 

0.17ft5 

20-25 

0.1fV,5 

25  -  30 

0.1285 

30  -  B5 

0.07 15 

35  -  UO 

0.0A225 

AO  -  A5 

0.05015 

A5  -  50 

0.0630 

50  -  55 

0.1255 

55  -  60 

O.X255 

60  -  65 

0.0795 

05  -  70 

0.0630 

70  -  75 

0.0251 

75  -  no 

0.00125 

m  -  85 

0.0025 

85-90 

0.0016 

90  -  1?  X)“ 

0.0009^ 

► 


Uniformly  Distributed, 
or  0.0005^  per  5" 
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TnbloD-2 


AfrrKnuA  tkiii’ihati/uk  at  /♦o,ooo  rt.  vniEN 
Till;;  iika::  i  •  pointimo  at  0*  (?j‘;Nrni) 


IT 

?! 

CD 

iHJ 

A'niOSPHHilC 

CIIOUND 

01 

DROfliJES 

'^1  2rr 

t31ISr»I0N 

EMISSION 

fr 

o'-r 

96,j632i(i 

O./16I 

1.14  *K 

1.10161 ‘K 

5  -  10 

1.16 

0.00535 

10  -  15 

0.594 

1.20 

0.00713 

15-20 

0.357 

1.25 

0.00446 

20  -  25 

0.373 

1.30 

0.00485 

25  -  30 

0.257 

1.35 

0.00347 

30  -  35 

0.U3 

1.40 

0.00200 

35  -  AO 

O.On/,5 

1.50 

0.00127 

40  -  45 

0.1003 

1.65 

0.00166 

45  -  50 

0.126 

1.85 

0.00233 

50-55 

0.251 

2.10 

0.00527 

55-60 

0.251 

2.30 

0.00577 

60  -  65 

0.159 

3.00 

0.00477 

65  -  70 

0.126 

3.20 

0.00403 

70-75 

0.0502 

A.OO 

0.00201 

75  -  150 

0.025 

5.50 

0.00138 

flO—  85 

0.005 

9.00 

0.00045 

85-90 

0.0032 

20.00 

0.00064 

TOTAL  - 

•  99.9902 

62.9 

1.15845 *K 

90  -  leo" 

0.0018 

(0.9)  ^ 

(0.1)  288 

0.00058 

100.000;;; 

y  CHT|_^0i.  . 

2 

1.15903  *K 

-  Values  from  Table  C-l  multiplied  by  2  becauno  of  symmetry 
_  Values  from  Fi/'uro  D-3 
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Table  D-3  AKTENNA  THIPniATURK  AT  40,000  ft.  WHEN 


THE  BEAM  13  1‘OIffrnJO  AT  35* 


If 

'AnKBPiffinic 

2tr 

DE0HEE3 

2rr> 

EMISSIOJ^ 

-5-0* 

48,316  i 

20,0*K 

o-'5 

66.316 

9.0 

kmeiA 

5-10 

0.2305 

5.5. 

0.0126775 

10  -  15 

0,297 

4.0 

0.01188 

15-20  . 

0.1785 

3.2 

0.005712 

20-25 

0.1865 

3.0 

0.005595 

25  -  30 

0.1285 

2.3 

0.002955 

30-35 

0.0715 

2.1' 

0.0015015 

35-40 

0.04225 

1.85 

0,0007816 

40  -  45 

0.05015 

1.65 

0.0008275 

45-50 

0.0630 

1.5 

0.000945 

50  -  55 

0.1255 

1.4 

0.(XJ1757 

55-60 

0.1255 

1.35 

0.001694 

60-65 

0.0795 

1.3 

0,001036 

65-  70 

0.0630 

1.25 

0.0007875 

70-75 

0.0251 

f.2 

0.0003012 

75-80 

0.0125 

1.16 

0.0001450 

no  -  H5 

0.0025 

l.U 

0.0000285 

B5  -  90 

0.0016 

1.14 

0.00001824 

90-95 

0.00005 

1,16'^ 

95  -  100 

1.2 

100  -  105 

1.25 

105  -  110  , 

1.3 

110  -  115 

1.35 

115  -  120 

1.4 

120  -  125 

125  -  130 

1.5 

1.65 

-61,76 

0,00003088 

130  -  135 

1.85 

135  -  140 

2.1 

140  -  145 

2.3. 

145  -  150 

3.0, 

150  -  155 

3.2 

155  -  160 

4.0 

160  ^[..165 

5.5 

165  -  170 

9.0 

170  -  175 

f 

20.0  J 

.'09.31595  % 

2 

• 

-  16.0573'k 

Ta\i1o  D 

-3  (contM) 

-y 

ATHoSlIll'iilC 

Dhr.llMS 

2fr 

W.l.'iDii'N 

5  -  10 
10  -  15 
15  -  J^O 
20-25 
25  -  30 
30  -  35 
35  -  40 
40-45 
45-50 
50-55 
55  -  ^>0 
60-65 
65  -  70 
70  -  75 
75-00 
80-05 
05-90 
90  -  »5> 
95  -  100 
100  -  105 
105  -  130 
110  -  115 
115  -120 
120  -  125 
125  -  130 
130  -  135 
135  -  140 
140  -  U5 
U5  -  150 
150  -  155 
155  -  160 
160  -  165 
165  -  170 
170  -  175 
175  -  100 
1»»  -  105 


0.2305  % 

0.2970 

0.1785 

O.IB65 

0.1285 

0.0715 

0.04225 

0.05015 

0.0630 

0.1255 

0.1255 

0.0795 

0.0630 

0.0251 

0.0125 

0.0025 

0.0016 

0.00005 


20.0  K 

9.0 

5.5 

4.0 

3.2 
3.0 

2.3 
2.1 
1.85 
1.65 

1.5 

IJ, 

1.35 

1.3 

1.25 

1.2 

1.16 

1.147 

1.14 

1.16 

1.2 

1.25 

1.3 
1.35 

1'.4 

1.5 

1.65 

1.05 

2.1 

2.3 
3.0 
3.2 

4.0 

5.5 

9.0 

20.0  J 


63.04 


0.0461  *K 

0.02673 

0.009818 

0.00746 

0.004112 

0.002145 

0.0009718 

0.0010532 

0.0011655 

0.0020700 

0.001(W25 

0.001113 

0.0008505 

0.0003263 

0.0001563 

0.000030 

0.0000186 


0.00003205 


1.68/(05  % 


Noise  Temperature  from 
the  Earth  Direction  for  *0.0993216 *K 
a  shield  of  lOQ^o  refl. 

♦SS” 


90  %  rofl.  (0.9)  0.0993216  =  0.08939 

105^  grd.  (0.1)  0.01684  x  288  -  0.48500  ^ 

-S  G^Ti  -5  to  -185'  =  0.57/^39*K 

2ir 

Total  Ant.  Temperature: 

S  i...  =  U.0573  +  0.57439  «  14.6317*K 

— ■  .  - 


Tnbl»  D-A  ANTIsNNA  TWII'I'JtATUKH  AT  AO, 000  ft.  V/IIKN 

Till-:  nKAii  IS  FX)ifJTino  at  90 • 


T 

.....  .  I  ...  ■ 

7)  T  A  01 

^  ^  2TT 

DKr.l{K?S 

"1 — 

2 

ATMOSl'MI-ailC 

oiiourn) 

KMISSION 

_  i 

EMI33I(»^ 

0-5' 

Aa.316  % 

20.0*K 

•  9.6632  'K 

5  -  10 

0. 

2305 

9.0 

0.0207A5 

10  -  15 

0.297 

5.5 

0.016335 

15-20 

0.1785 

A.O 

0.0071 AO 

20-25 

0.1865 

3.2 

0.005968 

25  -  30 

0.1285 

3.0 

0.003855 

30  -  35 

0.0715 

2.3 

0.001 6A 5 

35  -  AO 

0.0A225 

2.1 

0.000887 

AO  -  A5 

0.05015 

1.85 

0.000928 

A5  -  50 

0.06200 

1.65 

0.001039 

50  -  55 

0.1255 

1.5 

0.001883 

55  -  60 

0.1255 

l.A 

0.001757 

60  -  65 

0.0795 

1.35 

0.001073 

65  -  70 

0.063 

1.3 

0.000819 

70  -  75 

0.0251 

1.25 

0.00031  A 

75  -  80 

0.0125 

1.2 

0.000150 

IK)  -  85 

0.0025 

1.16 

0.000029 

05-90 

0.0016 

I.IA 

0.000018 

90-95 

0.00005 

95  -  100 

1.16 

100  -  105 

1.2 

105  -  110 

1.25 

110  -  115 

1.3 

115  -  120 

1.35 

120  -  125 

l.A 

125  -  130 

1.5 

130  -  135 

135  -  lAO 

1.65 

1.85 

>•62.9 

0.00000315 

lAO  -  1A5 

2.1 

1A5  -  150 

2.3 

150  -  155 

3.0 

155  -  160 

3.2 

lf)0  -  165 

A.O 

165  -  170 

5.5 

170  -  175 

9.0 

175  r  180 

r 

20.0  y 

T(>TAL 

50.00  % 

125. 8*K 

9.7278  ’K 

180  -  360* 

50.00  % 

(0.1)288 

lA.AOOO 

(0.9)  9.7278 

8.7550 

100.00  %  1 

^  r  r  A9i  J 
^  271- 

32.883 'K 

1 

7 
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Tnbln  D-5  /UmCHMA  Ar'iiiK  AT  20,000  ft.  \/IIKN 

TIIK  HEAII  13  I'OJIiTJtJO  AT  0*  (ZENlTIl) 


Tr 

DKItlKS 

2V 

ATiiosi-iitaac 

EMISSION 

•K 

GROUND 

EMISSION 

r.,T, 

^  ^  2Tr 

•k 

0-5" 

2.60 

2^512432 

5  -  10 

0,461 

2.70 

6.012447 

10  -  15 

0.594 

2.00 

0.016632 

15-20 

0.357 

2.05 

0.010175 

20-25 

0.373 

2.90 

0.010817 

25  -  30 

0.257 

3.10 

0.007967 

30  -  35 

0.143 

3.30 

0.004719 

35  -  /*0 

0.0845 

3.40 

0,002873 

hO  -  45 

0.1003 

3.70 

0.003711 

45  -  50 

0.126 

4.00 

0.005040 

50  -  55 

0.251 

4.40 

0.011044 

55-60 

0.251 

5.00 

0.012550 

60  -  65 

0.159 

5.00 

0.009222 

65  -  70 

0.126 

7.00 

0.000820 

70  -  75 

0.0502 

9.00 

0.004518 

75-00 

0.025 

12.00 

0.00300 

80  -  05 

0.005 

20.00 

0.00100 

05-90 

0.0032 

50.00 

0.00160 

99.99S2;S 

144.55 *K 

2.647566 *K 

90  -  100* 

0.00100 

(0.9)JMi5_ 

0.])  288 

0.00065 

100.000  % 

A0i 

L  zrr 

-  2.648216 ‘K 

-  Values  from  Table  C-1  multiplied  by  2  because  of  symmetry 

-  Vc'ilues  from  Ficure  B-3 
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Tnblo  [>-6  AHTKMHA  ’IWlf’NCATlJliK  AT  20,000  ft.  WIU-IN 
TiiK  iiKAJi  ir>  j’oiirrJiK;  at  fl5* 


dkXi';k5 

C). 

/•  2/h 

AT'V';ii!kj(IC 

MUriOIOH 

O^T^  ^01 
_ 

-5  - 

0 

4C.316'^ 

50.0'*^ 

24.15rt  *K 

0  - 

5 

4C.316 

20.0 

9.6632 

5  - 

10 

0.2305 

12.0 

0.02766 

10  - 

15 

0.2970 

9.0 

0.02673 

15  - 

20 

0.17rt5 

7.0 

0.012/495 

20  - 

25 

0.1065 

5.0 

0.010817 

25  - 

30 

0.12C5 

5.0 

0.006425 

30  - 

35 

0.0715 

4  •  4 

0.003146 

35  “ 

40 

0.04225 

4.0 

0.0016896 

40  - 

45 

0.05015 

3.7 

0.0018555 

45  - 

50 

0.0630 

3.4 

0.002142 

50  - 

55 

0.1255 

3.3 

0.0041415 

55  - 

60 

O.i 

.255  I 

3.1 

0.0038905 

60  - 

65 

0.0795 

2.9 

0.0023055 

65  - 

70 

0.0630 

2.C5 

0.0017955 

70  - 

75 

0.0251 

2.C 

0.000702C 

75  - 

CO 

0.0125 

2.7 

0.0003375 

m  - 

C5 

0.0025 

2.6 

0.000065 

05  - 

'10 

0.(X)l6 

2.6 

0.0000416 

90  - 

% 

0.tXXX)5 

2.7 

95  - 

100 

2.C 

IOC  - 

105 

2.C5 

105  - 

110 

2.9 

110  - 

115 

3.1 

11:9  - 

120 

3.3 

120  - 

125 

3.4 

i;?5  - 
130  - 

130 

135 

3.7 

4.0 

^141.95 

0.000070975 

135.- 

140 

4.4 

uo  - 

145 

5.0 

145  - 

150 

5.C 

150  - 

155 

7.0 

155  - 

160 

1 

9.0 

i6o  - 

165 

12.0 

165  - 

170 

20.0 

170  - 

175 

> 

r 

50.0  j 

9C.31595)S 

to  +10/5* 

-  34. 62674 *K 

2 
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(Cont'd  next  page) 


.  Tnblo  D'*6  Cont'd 


-r 

A.. 

°1 

^  2  rr 

ATMO3PHE31I0 

EMISSION 

d  0  1 

2 

5  -  10 

0.23055c 

50.0  *K 

0.11525 ‘K 

10  -  15 

0*2970 

20.0 

0i05940 

15-20 

0.1785 

12.0 

0.02142 

20-25 

0.1865 

9.0 

0.016785 

25  -  30 

0.1285 

7.0 

0.008995 

30  -  35 

0.0715 

5.8 

0.004U7 

35  -  40 

0.04225 

5.0 

0.002n25 

40  -  45 

0.05015 

4.4 

0.0022066 

a5  -  50 

0.0630 

4.0 

0.002520 

50-55 

0.1255 

3.7 

0.0046435 

55-60 

0.1255 

3.4 

0.004267 

60  -  65 

0.0795 

3.3 

0.0026235 

65  -  70 

0.0630 

3.1 

0.001953 

70-75 

0.0251 

2.9 

0.0007279 

75  -  BO 

0.0125 

2.85 

0.00035625 

80-05 

0.0025 

2.8 

0.000070 

1 

CD 

0.0016 

2.7 

0.0000432 

90-95 

0.00005 

2.6 

0.0000013 

95  -  100 

2.6  ^ 

100  -  105 

2.7 

105  -  no 

2.8 

no  - 115 

2.85 

n5  - 120 

2.9 

120  -  125 

3.1 

125  -  130 

3.3 

130  -  135 

135  -  140 

3.4 

3.7 

144.55 

0.00007228 

UO  -  145 

4.0 

145  -  150 

4.4 

150  -  155 

5.0 

’155  -  160 

5.8 

160  -  165 

7.0 

165  -  170 

9*0 

170  -  175 

12.0 

- 

175  -  180 

t 

20.0 

180  -  185 

50.0  ) 

'  I 

1,68405;^  Noise  Temperature  fr 

ora-  0.247594*K 

the  earth  direction 

for 

a  shield  of  lOOj^  refl. 

Fort 

90^  refl.  (C-9)  0.247594  -  0.22285 

10^  grd.  (0.1)  0.01684  X  288  ■  0.40500 

y  Oifi  -5‘to  -185'  -  0,70785  ‘k 

"  *  o  tv 


Total  Ant.  Temperature t 
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TnMnD-7  AmTIilM  TiaiflJiATlRiK  AT  20,000  ft.  VHIICN 
TMK  llKAH.in  POINTTHO  AT  W" 


M  '  '  ■  ■  1 


ATHOSPIlliaC 

H-T-  ^  ^  1 

DrailKI'3 

i  2lr 

EML^iaiON 

zrr 

0  -  5' 

50.0  *K 

2i*.1580‘K 

5  -  10 

20.0 

0.0461 

10-15 

0.2970 

12.0 

0.03564 

15  -  .20  M. 

0.17C5 

9.0 

0.016065 

20-25 

0.1065 

7.0 

0.013055 

?.5  -  30 

0.1285 

5.0 

0.007453 

30  -  35 

0.0715 

5.0 

0.003575 

35  -  /.O 

0.04225 

4.4 

0.001859 

AO  -  A5 

0.05015 

4.0 

0.002006 

45-50 

0.0630 

3.7 

0.002331 

50-55 

0.] 

^255 

3.4 

0.004267 

1 

o 

0.1255 

3.3 

0.004142 

60  -  65 

0.0795 

3.1 

0.002465 

65  -  VO 

0.0630 

2-9 

0.001827 

70  -  75 

0.0251 

2.85 

0.0007154 

75  -  JK) 

0.0125 

2.0 

0.000350 

00-85 

0.0025 

2.7 

0.0000675 

05-90 

0.0016 

2.6 

0.0000416 

90  -  95 

0.00005 

2.6^ 

95  -  100 

2.7 

100  -  105 

2.8 

105  -  110 

2.05 

110  -  115 

2.9 

115  -  1«70 

3.1 

120  -  125 

3.3 

125  -  130 

3.4 

130,-  135 

135  -  140 

3.7 

4.0 

^144. 

55 

0.00007228 

140  -  145 

4 .4 

145  -  150 

5.0 

150  -  155 

5.0 

155  -  160 

7.0 

160  -  165 

9.0 

165  -  170 

12.0 

170  -  175 

f 

20.0 

175  -  liJO 

50.0  J 

50.00  % 

24.3 ‘K 

10,0  -  360' 

50.00  % 

(0.1)208 

14.400 

(0.9)  24 

.3 

21.87 

100.00  % 

^  ^  2 

60.57 ’k 
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Tftbl®  D-a  AirrKNNA  miPFJlATUllE  AT  SKA  LEVEL  WJfEN 
TIE  BEAU  IS  I>OIHTED  AT  0*  (ZENITH) 


r 

DEGREES 

«- 

4f# 

0,  ^01 
^  2fr 

ATH03PIEHIC 

EMISSION 

GROUND 

EMISSION 

O^T, 

^  2Tr 

0-5* 

96.632  % 

5.2  'K 

5,024864 'k 

5  -  10 

0.461 

5.3 

0.024433 

10  -  15 

0.594 

5.4 

0.032076 

15-20 

0.357 

5.6 

0.019992 

20-25 

0.373 

5.9 

0.022007 

25-30 

0.257 

6.2 

0.015934 

30  -  35 

0.143 

6.5 

0.009275 

35  -  AO 

0.0845 

7.0 

0.005915 

40-45 

0.1003 

7.5 

0.0075225 

1.5-50 

0.126 

6.0 

O.OlOOfW 

50-55 

0.251 

6.7 

0.021837 

55  -  60 

0.251 

9.7 

0.024347 

60-65 

0.159 

11.5 

0.016265 

65-70 

0.126 

13.0 

0.016360 

70-75 

0.0502 

16.5 

0.008283 

75-60 

0.0250 

23.0 

0.005750 

fiO  -  65 

'  0.0050 

40.0 

0.00200 

85-90 

0.0032 

110.0 

0.00352 

] 99.9982  % 

295.0 

5.27252 

90  -  160* 

0.00160 

(0.9)  ^ 

(0.1)266 

0.00076 

100.000  % 

2  °iTi  • 

5.27330 *K 

^  -  Valuoo  from  Table  C~1  multiplied  by  2  bocauee  of  eymmotry 
<Hi-  .  Value 0  from  Figure  B-3 
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Tabl*»D-9  mmiK  ThmiUTIHiK  AT  5RA  aVKL  WHEN 
THE  HEA)I  13  I'OINTIHfl  AT  35  * 


Y 

.DPX5REE3 

0l 

I 

I 

ATMospin-mo 

EMISSION 

Ojij 

-5 

f 

-  0 

40. 

316  i 

110.0* 

K 

53.U76’k 

0 

-  5 

40. 

316 

40.0 

190261* 

5 

-  10 

0. 

23.0 

0.058015 

10 

-  15 

0. 

297 

16.5 

0.049005 

15 

-  20 

0. 

1705 

13.0 

0.023205 

20 

-  25 

0. 

1065 

11.5 

0.0214475 

25 

-  30 

0. 

1205 

9.7 

0.0124645 

30 

-  35 

0. 

0715 

3.7 

0.0062205 

35 

-  40 

0. 

04225 

3.0 

0.003380 

40 

-  45 

0. 

05015 

7.5 

0.0037612 

45 

-  50 

0. 

0630 

7.0 

o.oo4/ao 

50 

-555 

0. 

1255 

6.5 

0.0079625 

55 

-  60 

0. 

1255 

6.2 

0.007575 

60 

••  65 

0. 

0795 

5.9 

0.0046905 

65 

-  70 

0. 

0630 

5.6 

0.003528 

70 

-  75 

0. 

0251 

5.4 

0.001355.. 

75 

-  50 

0. 

0125 

5.3 

0.0006625 

30 

-  05 

0. 

0025 

5.2 

0.000130 

35 

-  90 

0.0016 

5.2 

0.0000332 

90 

-  95 

0. 

00005 

5.3^ 

95 

-  100 

5.4 

100 

-  105 

5.6 

105 

~  110 

5.9 

110 

-  115 

6.2 

115 

-  120 

6.5 

120 

-  125 

7.0 

125 

130 

-  130 

-  135 

7.5 

3.0 

239.8 

0.0001449 

135 

-  140 

8.7 

140 

-  145 

9.7 

145 

-  150 

11.5 

150 

-  155 

13.0 

155 

-  160 

16.5 

160 

-  165 

23.0 

165 

-  170 

40.0 

170 

-  175 

110.0  J 

90.315957?^ 

25in  ^ 

rr 

_»  72.677061  “k 
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(C  ont '  d  noxt  pa/je ) 


I)WmKK3 


04 

^  7.fr' 


ATiioni’Kwao 

KMLSSION 


of 


Tn\»lH  D-  10  ■!>.MriJ(ATin(K  AT  .'JKA  IJ'.VKI.  V/I||;N 

THK  UK  AM  V\  |•()l^mN'J  AT  90* 


Arjiuii'iimic 

OUOIIHD 

O.T.  A01 

^  ‘  “TIF 

0 

OEnuira 

0  A  e^i 
^  2rr 

WIJ.'WION 

KMlS/llON 

0-5* 

46.316  % 

110.0* 

K 

53.1W6'K 

5-10 

0.2305 

/,0.0 

0.0922 

10  -  15 

0.2.970 

23.0 

0.06631 

15-20 

0.1765 

16.5 

0.0294525 

20-25 

0.1665 

13.0 

0.02/,:v,5 

25  -  30 

0.1265 

11.5 

0.0147775 

30  -  35 

0.0715 

9.7 

0.0069355 

35  -  40 

0.0/, 22  5 

6.7 

0.0036575 

40  -  45 

0.05015 

6.0 

0.(V)/,012 

45-50 

0.0630 

7.5 

0.00/,725 

50-55 

0.1255 

7.0 

0.006765 

55  -  40 

0.1255 

6.5 

0.0061575 

60  -  65 

0.0795 

6.2 

0.(X)/,929 

65  -  70 

0.0630 

5.9 

0.(K)1717 

70-75 

0.0251 

5.6 

0.(K'1/,050 

75  -  i» 

0.0125 

5.4 

0.(KXy.75 

60  -  65 

0.0025 

5.3 

0.0101325 

65-90 

0.0016 

54.2 

().(XK)0}V)2 

90-95 

0.(XXX)5 

5.2'! 

95  -  100 

5.3 

100  -  105 

5.4 

105  -  110 

5.6 
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APPENDIX  E 


Hlgh-Power  Testing  of  Mlcrowovo  Component! 

The  component!  In  Iho  olrborno  unlenno  system  must  withstand  lO-hw  cw  power  at  8.35  kmc. 
However,  no  such  high  power  testing  facility  is  available  at  either  Boeing  or  at  electronics 
firms  offering  the  components.  Varian  Associates,  makers  of  super-power  klystrons,  has 
offered  to  test  some  of  those  components  but  were  unable  to  do  so  before  the  end  of 
January  1961 . 

To  simulate  lO-kw  cw-power  in  the  microwave  bond,  a  trove  ling -wave  circulator  maybe 
used.^^  However,  at  X-band,  the  loss  in  a  traveling-wave  circulator  severely  limits 
the  power  multiplication.  The  multiplication  factor  In  an  existing  RG-52/U  T-W 
circulator  was  less  than  6  under  testing  conditions.  However,  a  powe rmultiplication  of 
20  was  needed  to  simulate  lO-kw  with  the  500-watt  klystron  available  at  Boeing  . 

A  standing-wave  resonator  with  losses  small  compared  to  those  in  the  device  under  test 
was  built.  A  novel  feature  was  tlie  variable  iris  for  controlling  the  resonator  coupling, 
thus  permitting  maximum  multiplication  with  minimum  input  VSWR.  Power  muitiplicntions 
of  up  to  20  were  achieved,  depending  on  losses  in  the  device  under  test.  (Figs.  E-l  ond 
E-2). 

The  klystron  operates  at  a  fixed  frequency  of  9.5  kmc,  with  a  peak  power  of  2.  kw, 
and  an  average  power  of  600  watts.  Components  designed  for  tire  9. -10. -kmc  bond 
(RG-52/U)  were  tested;  from  these  results,  the  performance  of  similar  designs  sealed  to 
the  8-kmc  band  (RG-5I/U)can  be  inferred.  Only  low-loss  components  can  be  tested 
effectively  since  lossy  components  would  lower  the  Q  of  the  resonator  and  reduce  its 
mulpllcation  factor.  Likewise,  antennas  and  antenno  feeds  being  two-terminol  devices, 
can  not  be  tested  in  this  manner  because  they  radiate  power. 

Some  of  the  components  tested  are  a:  follow; 

1.  TE-TEM-TE  Rotary  Joint  (Teflon  support) 

This  waveguide  rotary  joint  was  supplied  by  DeMornay-Bonardi .  The  transition  betweon 
the  RG-5I/U  waveguides  is  a  coaxial  section  supported  by  Teflon.  The  joint  was 
subjected  to  one  kilowatt  cw  power  at  9.5  kmc  for  a  duration  of  three  minutes.  The 
heat  generated  in  the  center  conductor  and  the  surrounding  teflon  melted  the  conductor  ^ 
charred  the  teflon.  Figure  E-3  is  a  photograph  of  the  burn-down  rotary  joint. 

2.  TE-TEM-TE  Rotary  Joint  (T-bar  support) 

This  Joint  was  manufactured  by  Western  Electric  Company  and  was  obtained  from 
military  surplus.  The  fionsition  between  the  RG-5I/U  waveguides  is  a  coaxial  section 
but  the  center  conductor  is  supported  by  a  T-bar  located  In  one  of  the  waveguides.  It 
was  subjected  to  six-kilowatt  cw  power  at  9.5  kmc  for  a  duration  of  one  hour.  The 
external  surface  of  the  joint  was  heated  to  approximately  220^F  and  the  center  conductor 
heated  until  its  silver-soldered  parts  melted.  This  joint  is  better  than  the  preceding 
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one  because  there  is  no  dielectric  heating  Involved.  However,  It  Foils  to  meet  the 
lO-kw  requirement.  Center-conductor  cooling  would  doubtless  raise  the  power  capacity 
of  this  |oint,  but  is  difficult  to  achieve  by  an  exterrsal  blower. 

3.  TE-TM-TE  Rotary  Joint 

The  joint  tested  was  monufoctured  by  Premier  Microwave  Corporation  and  was  obtained 
from  militory  surplus.  The  circular  waveguide  transition  between  the  RG-52/U 
rectangular  waveguides  has  a  rtarrow  bondwidth  and  Is  designed  to  operate  at  9.3 
to  9.4  kmc.  It  wos  subjected  to  five-kilowatt  cw  power  for  15  minutes  and  then  to 
ten  kilowatts  for  another  15  minutes.  The  heat  generated  by  the  joint  was  dissipoted 
with  two  blowers.  Except  for  the  heating,  no  effect  on  the  electric  characteristics 
was  observed.  Upon  dismantling  of  the  joint  after  the  test,  it  was  r>oticed  that  the 
rubber  washer  In  the  joint  wos  melted  but  t\o  other  part  was  damaged  or  discolored 
(Fig.  E-4a). 

Upon  request,  Premier  sent  Boeing  a  compact,  aluminum,  TE-TM-TE  mode,  rotary 
joint  for  use  with  RG-5I/U.  The  joint  is  designed  to  operate  at  a  9. 3-9. 4  kmc.  It 
was  subjected  to  about  10  kw  cw  power  at  9.5  kmc  for  o  period  of  30  minutes.  The 
heat  generated  by  the  joint  was  dissipated  by  a  150-watt  air  blower.  The  temperature 
rise  was  I20*F.  No  effect  on  the  electrical  or  physical  characteristics  of  the  joint 
observed  after  the  test  (Fig.  E-4b).  Therefore,  it  can  be  concluded  that  this  type 
ol  rotary  joint  can  withstand  the  required  cw  power  because  it  does  not  suffer  dielectric 
heating  nor  does  It  have  highly  concentrated  currents  within  the  joint. 

4.  Teflon  Windows 

Two  Teflon  windows  of  0.03-inch  and  0.06  inch  thickness  were  tested.  The  window 
was  placed  in  the  transverse  plane  within  o  RG-52/U  waveguide  resonator,  one-quarter 
guide  wavelength  from  a  shunting  plunger.  The  0.03-inch  window  was  subjected  to 
six-kilowatt  cw  power  for  about  20  minutes.  Softening  of  the  teflon  was  observed 
at  the  center  portion  of  the  window  where  the  electric  field  in  rtKiximum.  The  0.06- 
Inch  window  was  subjected  to  approximately  lO-kilowatt  cw  power  for  10  minutes.  The 
center  portion  of  the  window  v/a$  melted  (Fig.  E-5).  Even  in  the  larger  RG-5I/U 
waveguide,  or  in  the  l-inch  circular  guide,  the  performance  of  a  Teflon  window  would 
be  marginal  because  of  dielectric  hedting. 

5.  Teflon  Cap 

a.  Voltage  Breakdown 

A  .03-inch  thick  hemispherical  teflon  cap  placed  dt  the  aperture  of  the  circular 
antenna  feed  was  tested  for  voltage  breakdown  in  o  vacuum  chamber  (Fig.  E-6). 

The  cap  was  under  sea  level  pressure  on  one  side  and  up  to  90,000'feet  altitude 


,GE 


air  pressure  on  the  other  side.  A  peak  powa^  level  of  about  50-kw,  two  micro¬ 
second  pulse  at  8100  me  wos  opplled  to  the  cap  for  a  period  of  five  minutes  at 
each  10,000  feet  altitude  Interval  and  for  a  period  of  30  minutes  at  90,000  feet. 
No  voltage  breakdovai  or  corona  was  observed. 

b.  Dielectric  Heating 

No  X-band,  lO-kw,  cw-power  is  available  for  testing  the  dielectric  heating  of 
the  Teflon  cap.  To  simulate  similar  heating  conditions,  a  0.03-Inch  thick  Tenite 
cop  wos  used.  Tenite  has  the  some  softening  temperature  os  Teflon  but  Is  200 
times  as  lossy  at  X-band.  The  cap  was  subjected  to  90  watts  average  power  at 
8100  me  for  o  duration  of  one  hour.  No  deformation  of  the  cop  was  observed. 
There  wos  slight  dielectric  heating  of  the  Tenite  but  the  temperature  rise  In  the 
moterloi  was  well  within  the  tolerable  level.  The  degree  of  dielectric  heating 
generated  In  the  Tenite  Is  approximotel/  that  of  Teflon  of  the  some  thickness  If 
subjected  to  18-kw  power.  Related  tests  on  various  dielectric  thicknesses  (.06"  — 
.25")  showed  greater  temperature  rises  with  the  thicker  samples;  therefore.  Teflon 
caps  no  greater  than  .03"  should  be  used. 

c.  Air  Pressure 

The  .03-inch  Teflon  cap  was  pressure  tested  up  to  30  psig  without  rupture  or 
deformation.  Thus, the  cap  will  withstand  the  waveguide  pressure  of  15  psig  or 
15-30  psi  at  altitude . 
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Figure  E-5  -  High-Power  Test  Results  of  Teflon  Window 


Pressurizing  Teflon  Cap 
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Appendix  F 


Summory  of  **Pro|ect  Necdlei*'  Techniques  (Ref.  28) 

"Orbital  scatter  communications,"  credited  to  Vi/.  E.  Morrow  and  Harold  Meyer  of 
Thompson  Ramo  Woolrldge  Corporation,  Is  a  promising  new  technique  that  will  use  earth- 
circling  belts  of  tiny  halr-thin  metallic  whiskers.  A  pound  of  tiny  dipole  whiskers  In 
orbit  can  provide  os  much  effective  signal  reflecting  area  as  approximately  1,000 
pounds  of  material  In  the  form  of  a  conventional  hollow-sphere  passive  communications 
satellite.  ' 

Millions  of  dipoles,  less  than  0.001  Inches  In  diameter,  0.8  Inches  long,  weighing  220 
lb.  per  billion,  will  be  ejected  from  a  satellite  as  It  circles  the  earth.  A  continuous 
belt  of  signal -reflect  Irrg  surfaces  In  an  equatorial  orbit  will  result  ar>d  will  remain  fixed 
with  respect  to  earth  stations  except  for  small  orbit  perturbations.  Two  orbital  belts, 
one  in  an  equatorial  orbit  and  the  other  In  a  polar  orbit,  can  provide  global  coverage 
and  should  have  a  lifetime  of  several  years  before  becoming  dispersed  erough  to  require 
replacement.  A  single  belt  of  dipoles  can  provide  a  large  number  of  simultaneous 
com.municatlon  channels  because  of  the  large  number  of  scattering  locations  available 
around  the  earth. 

If  the  dipoles  are  ejected  along  a  satellite  velocity  vector  with  a  maximum  velocity  of 
plus  and  minus  10  fps. ,  the  belt  will  close  upon  itself  In  roughly  one  month  and  will 
assume  a  reasorxible  degree  of  uniformity  In  two  months.  If  dipoles  are  ejected  in  all 
directions^  the  belt  can  be  expected  to  spread  about  20  mi.  In  thickness  and  about  5  ml. 

In  width,  with  the  bulk  of  the  dipoles  concentrated  in  a  narrow  portion  of  the  belt. 
Average  separation  between  Individual  dipoles  In  a  3,000  mile  orbit  would  be  about  1,000 
ft. 


The  movement  of  the  tiny  dopoles  In  orbit  through  the  beam  of  a  fixed  ground  antenna 
will  create  some  disadvantageous  propogation  characteristics.  With  a  beam-filling  belt 
multipath  delays  of  100-300  microsecor>ds  can  be  expected,  and  the  motion  of  the  dipoles 
will  cause  multipath  delay  to  change  200-1000  times  per  second.  This  "doppler  smear" 
characteristic  suggests  the  use  of  non-rohsrent  pulse  code  modulation  techniques  for  the 
best  results.  The  multipath  delay  Is  comparable  to  that  due  to  Ionospheric  scatter  but 
the  fading  rate  is  about  300  times  higher.  Dlgltol  transmission  techniques,  both  for  data 
and  voice,  may  therefore  be  necessary. 


Solar  radiation  pressure  acting  on  the  low-mass  dipoles  may  cause  annual  orbital 
dispersion  of  about  20  mi .  in  a  radial  direction  (thickness).  If  all  dipoles  had  the  same 
orientation  In  orbit,  the  effect  on  the  belt  would  not  affect  its  usefulness.  Because  of 
the  random  orientation  the  solar-caused  perturbation  will  result  in  changes  of  dipole 
density  within  the  belt.  However,  a  cycle  variation  In  orbit  eccentricity,  with  a  period 
of  several  months,  is  expected  to  cause  substantially  greater  perturbations  of  the  belt 
orbit.  For  a  belt  in  polar  orbit  at  an  altitude  of  about  2,300  mi . ,  the  perigee  Is  expected 
to  be  forced  into  the  atmosphere  after  about  12  to  20  months.  Longer  lifetimes  will  be 
obtained  ot  higher  altitudes.  Such  a  belt  will  be  placed  into  orbit  In  the  naxt  few  months 

_ as  a  "piggy-back"  experiment  oboord  another  satellite.  In  Its  final  form,  a  belt  produced 
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by  a  billion  dipoles,  weighing  220  lb. ,  of  an  altitude  of  several  hundred  thousand  ft. 
should  provide  communication  data  capacity  of  some  tens  of  kilobits  per  second,  over 
SHF  circuits  of  up  to  10,000  kilometers  length,  using  60  ft.  diameter  ground  stations 
antenrsas,  10  kw  tronsmitters,  and  low*noise  maser  receivers. 


AI'I'LillDIX  G 


SAir.IXITE  OHDIT  OOlirUTATlOHS 
1  •  tIio  Orblinl  Klomnntg 

Loncltudo  and  latltudo  of  the  euboatolllto  point  on  tho  earth  ond  tho  hoicht 
of  the  oatoUlte  above  tho  earth  will  bo  predicted  fVom  tho  orbital  elomonta 
(computation  of  an  ephcincrlo). 

A  catalog  of  all  oatellltoB  lo  maintained  by  tho  NORC  (Havnl  Ordnance  Roocorch 
Computer),  where  orbital  olomonto  are  dotemlnod  from  oboorvatlono.  Fbr 
Initial  orbit  determination  and  prediction,  Cowell 'a  method  of  numerical 
integration  lo  used  /  for  large  nunbero  of  oboorvtvtlono,  the  method  of  gonornl 
oblatonoae  porturbatlona  la  employed.  (Refs.  33-35) 

Six  elomonta  ore  noedod  to  doacrlbo  an  elliptical  orbit  at  aorao  given  time 
Tq  (called  the  epoch) 

Somlmajor  axle  (a) 

Eccentricity  (o) 

Inclination  (l) 

Right  aaconalon  of  aooendlng  node  (  0^^) 

Argument  of  perigee  (<^) 
llean  anomaly  at  epoch  (M^) 

The  epoch  la  given  aa  the  year,  month,  day,  hour,  minute,  and  aecond  In 
unlveraal  time. 
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Th«  gfcmjjn/ilor  axlo  of  tho  oUlpoo  lo  ujoaourod  In  ourth'o  oquatoriol  radii 
(equatorial  radluo  1b  3963.34  statute  alios  based  cn  tho  International 
ellipsoid  for  tho  shape  of  tno  earth  )•  (Ref.  36) 

The  eccentriolty  Is  a  raUo  which  Is  always  loss  than  unity  for  an  ellipse 
and  is  equal  to  zero  for  a  circle. 


Fig,  G.l  Coordinate  Reference  ^stea 


The  Inclination  (Flg.Ql)  Is  tho  angle  measured  in  degrooo  from  the  equat6i*idl 
plane  of  the  earth  to  the  orbital  plane  at  the  ascending  node  (that  Is,  whore 
the  satellite  crosses  the  equator  In  a  norbhwai*d  direction)* 

The  right  aocenslon  of  the  ascending  node  Is  measured  in  degrees  eastward  along 
tho  earth's  equator  from  the  vernal  equinox  to  the  ascending  node. 

The  vernal  equinox  establishes  the  x-axls  for  the  geocentric  coordinate i system, 
the  z-axls  passing  through  tho  earth's  North  polb^  and  the  y-axls  lying  in  the 
equatorial  plane  to  form  a  rlght-handod  coordinate  systom. 
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Tho  (\r^unnnt  of  pcirirco  (point  of  cloocot  approach  to  the  earth)  lo  the  an.^lo 
In  do(Tooa  weaourod  In  tho  orbital  piano  from  tho  aocondln^^  node  to  tho  porlcoo. 
i 

Tho  moon  anomaly  at  epoch  lo  nlven  in  docrooo  and  roprcocnto  tho  pooltlon  of 
tho  oatollito  in  tho  orbit  with  roopoct  to  tho  pcricoo# 

Two  major  dls turbine  forces  inuot  bo  t  kon  into  account,  ono  rooultinc  fi*ora  tho 
ohapo  of  tho  oarth  (tho  equatorial  bxleo),  and  ono  rocultlnc  from  tho  prooonco 
of  tliG  atmosphoro*  Doenuoo  of  tho  dlotrlbutlon  of  tho  maoo  of  tho  earth, 
there  la  motion  of  tho  porlcoo  in  tho  orbital  piano,  and  motion  of  tho  nodo  in 
tho  equatorial  piano,  Thoao  pcrturbatlona  aro  token  into  account  both  in 
orbit  dotcrmlnation  and  prediction, 

l*ho  anomaliatic  poriod  lo  tho  time  for  tho  oatollito  to  make  a  complete 
revolution  from  porlcoo  to  pericoo. 

Depending  on  tho  orbital  olomonto,  the  motion  of  nodo  and  porlgoo  are  a  fow 
dogrooB  a  day  at  moot.  For  a  polar  orbit  (i  =  90^)  thoro  is  no  motion  of  tho 
nodo;  for  an  orbit  having  an  inclination  of  63-1/2®  thoro  is  no  motion  of  tho 
perlgeo,  Tho  perlgeo  and  apogoo  holghto  aro  moaaured  from  tho  surface  of  tho 
earth,  which  is  taken  to  oorrospond  to  the  oquatorlal  radius. 

The  vernal  equinox  is  the  intersection  of  tho  ecliptic  and  the  celestial 
equator  when  tho  sun  travels  north  in  tho  spring,  and  is  also  called  tho 
"first  point  of  Arles." 
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2.  Seculor  and  Periodic  Motions  of  the  Node  of  on  Artificiol  Eorth  Sotellife  (Ref.  37) 
2irjR2eo$  I  C ,  JR2 
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*  dlff,  In  right  ascension  between  two  successive  ascending  nodes 

=  coefft*  of  2nd  and  4th  order  harmonics  In  the  pot  fen.  for  the  oblate  earth 
(ref.  33). 

=  equatorial  radius  of  eorth 

*  Inclination  of  orbit  to  the  equator 

®  semi-major  axis  and  eccentricity  of  osculating  ellipse  correspond  I  r>g  to  the 
satellite  at  the  node 

*  argument  of  perigee  (angular  distance  from  the  node  to  perigee). 

®  point  on  celestial  sphere  where  the  satellite  crosses  the  equator. 


Example:  -  I958B2  (Vanguard  I)  (|-)  =  1.3603;  i  =  34.26®; 


e  =  0.1896;  J=  1.6232  x  I0'3;  D  =  0.885  x  10'^ 
separate  contributions  of  the  J  and  D  terms  are 
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Appendix  H 


COMPUTER  SUBSYSTEM 

Comporlion  Between  Anolog  and  Arithmetic  or  Incremental  Dlglfql  Computeri 

I 

Four  factors  determined  the  selection  of  digital  Instrumentation  for  the  computer  lubs/stemi 

(1)  Accuracy  -  If  o  computing  precision  of  better  than  one  port  In  1000  is  required 
a  digital  computer  should  be  used. 

(2)  Flexibility  -  A  digital  computer  is  more  easily  adapted  to  using  the  same  equip¬ 
ment  for  different  tasks  at  different  times;  this  type  of  flexibility  Is  especially 
tnje  of  the  orlthmetic  type  of  computer. 

(3)  Compactness  -  In  almost  every  case,  digital  computers  ore  more  compact  than  arKilog 
computers  for  the  same  application. 

(4)  Reliability  -  Usually  the  only  cMtlcol  quantity  in  a  digital  computer  Is  the  basic 
clock  frequency,  whereos  analog  computers  are  dependent  on  stable  voltages  and 
careful  balancing.  Because  more  precise  control  can  be  effected  over  frequency 
than  any  other  quantity,  digital  computers  offer  greater  operatiorval  reliability. 

Arithmetic  Digitol  Computers 

The  general  configuration  of  the  antenna  platform  positioning  system  with  an  arithmetic 
digital  computer  is  shown  In  Figure  H.l 

At  fixed  time  intervals,  AT,  the  readings  from  the  aircraft  instruments  are  encoded  into  whole 
numbers  and  gated  into  the  computer  memory.  The  computer  then  steps  through  Its  program 
solving  the  given  equations.  When  the  computer  has  executed  the  entire  program,  it  reads 
the  output  data  Into  buffer  storage  and  stops.  At  time  AT  later,  fresh  data  are  read  in  and  the 
program  is  repeated.  Whenever  a  new  number  appears  In  buffer  storage,  It  Is  decoded  Into  an 
analog  signal  for  use  by  the  antenna  platform  positioning  system. 

The  encoders  could  be  repeater  servos  and  whole-number  shaft-angle  encoders.  The  computer 
will  use  a  magnetic  drum  memory,  the  most  compact  storage  medium  available  today  when  oil 
required  auxiliary  equipment  is  considered.  The  main  disadvantage  of  drum  storage  Is  that 
instnjctions  and  data  must  be  carefully  placed  on  the  drum  If  waiting  time  for  required  words 
to  appear  under  the  read  heads  Is  to  be  minimized. 
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Fig.  H-1  GENERAL  SYSTE!I  CONriGURATIOH  USING  AN  AillTIflllTIC  DIGITAL  COMFlTrER 


Fig.  H-2  GEt^CRAL  SYSTEM  CONFIGURATION  USING  AN  INCREMENTAL  DIGITAL  COMPUTER 
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To  mlnimixa  waiting  tim«,  the  computer  may  use  a  two-oddrest  instruction  code  or  a 
reiotive  address  system,  and  paraliel  arithmetic  moy  be  required.  The  buffer  storage 
may  be  fi ip-flop  registen,  and  the  decoders  may  be  servos  with  shaft-angle  encoders 
used  in  feedback  ioops.  Fundamentaiiy,  this  machine  adds  numben  and  performs  certain 
logical  comparisons.  Integration  and  multiplication  are  performed  numerically  and  trig¬ 
onometric  functions  ore  evaluated  using  power  series  expressions. 

This  computer  solves  a  stated  problem  by  c  irrying  out  oil  basic  operations  under  the  control 
of  the  program  which  Is  a  sequence  of  coded  instructions.  The  Instructions  are  stored  In 
the  computer  memory  together  with  the  required  data.  Thus,  the  task  which  the  computer 
perfonns  can  be  changed  by  causing  the  corr^uter  to  follow  a  different  program  which  also 
is  stored  In  the  memory. 

The  arithmetic  digital  computer  Is  therefore  very  flexible  in  Its  applications. 

Incremental  Digifol  Computers 

The  general  system  configuration  using  an  Incremental  digital  computer  is  shown  In  Figure  H.2. 
In  this  case,  the  computer  operates  almost  continuously,  accepting  Input  pulses  whenever 
they  occur  and  putting  out  output  pulses  whenever  required.  The  Incremental  encoders  may 
be  incremental  shaft-angle  encoders  which  are  considerably  smaller  than  whole  number 
encoders. 

This  computer  may  use  a  magnetic  drum  memory  or,  if  the  problem  Is  too  small  to  warrant 
the  use  of  a  drum,  magnetic  core  shift  registers  may  be  used.  The  incremental  decoder  Is 
smaller  than  a  whole  number  decoder;  It  may  be  a  stepping  motor  with  an  analog  signol 
generator  on  the  shaft,  or  in  some  cases,  a  simple  smoothing  of  the  output  pulses  yields  the 
appropriate  dc  analog  signal. 

The  incremental  digital  computer  usually  takes  the  form  known  as  the  digital  differential 
analyzer  or  DDA,  and  processes  incremental  information.  The  basic  element  is  the  DDA 
integrator  or  increment  multiplier,  which  yields  an  output  pulse  rate,  AZ,proportlonal  to 
the  product  of  a  whole  number  Y  and  a  pulse  rate  AX.  The  accumulation  of  these  AZ  pulses 
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then  represents  the  integral  of  Y  with  respect  to  X.  Products  and  trigonometric  (unctions 
ore  determined  by  solving  for  the  Increment  In  the  desired  quantity  In  terms  of  known  quan¬ 
tities  and  their  increments.  The  computer  processes  all  of  the  Increment  multipliers  In  a  time 
known  as  the  cycle  time  of  the  computer.  Usually  the  cycle  time  and  Increment  values  are 
chosen  In  such  a  way  that  no  variable  changes  by  more  than  one  increment  In  one  cycle  time. 
The  problem  which  a  OOA  solves  Is  defined  by  the  interconnection  of  the  Increment  multl- 
pllen;  It  is  therefore  not  so  flexible  In  the  changing  of  its  program  as  is  the  arithmetic 
computer. 
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Appendix  I 

ANTENNA  DRIVE  CONTROL  SYSTEM  (Rofg.  39-^2) 


Z-Tranaforra  Method 

A  control  syston  utilizing  a  digital  computer  ia  esaentlally  a  typo  of 
aanplod-data  control  ayatcn  in  which  the  signals  are  in  the  form  of  a 
digital  code  (Figs.  I.l  and  1.4). 

The  digital  computer  Interacts  dynamically  with  other  parts  of  the  sys¬ 
tem,  and  its  effect  will  bo  examined  by  the  use  of  conventional  servo¬ 
mechanism  design  techniques,  namely,  frequency  analysis  (Figs.  1.5  and 
1.6). 

If  digital  shaft  encoders  arc  attached  to  the  output  shafts  and  the 
system  is  connected  as  in  Fig,  1,1,  then  the  computer  can  perform  error 
detection  and  system  compensation,  and  the  stability  and  accuracy  of 
the  control  system  can  bo  improved  by  designing  a  suitable  program  for 
the  computer. 

One  of  the  moot  powerful  tools  for  analyzing  and  designing  digital  and 
sampled-data  feedback  control  systems  is  the  Z-transform  method  which  is 
reviewed  briefly  below. 

The  basic  component  of  sampled-data  control  systems  is  the  sampler  which 
converts  a  continuous  signal  into  a  train  of  amplitude-modulated  narrow 
pulses  occurring  at  the  sampling  instants  as  shown  in  Figure  1.2. 

In  the  diagrams,  an  asterisk  refers  to  sampled-data  functions,  small 
letters  refer  to  functions  of  time,  and  capital  letters  written  as  func¬ 
tions  of  (s)  are  the  Laplace  transfonns  of  the  corresponding  time 


functions. 
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Fl«.  I-l  DIGITAL  COWROL  SYSTEM 


(analog)  Impulse  Train 

(digital) 


Fig.  1-2  HRCPERTIES  OF  AN  IDEAL  SAMPLER 


(a)  Continuous  System  (b)  System  with  Sampler 

t 

y(t)  “vfo  y(t)  "  2  h(t-nT)x(nT) 

nO 


Fig.  1-3  COMPAJilSON  OF  CONTINUOUS  &  SAMFLED-DATA  SYSTEM 
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Fig.  1-4  rtlOGIlAiM  COmOLLED  DIGITAL  COMPUTER 


CARRIER 


Go(3) 


1^1 

E(8) 


M 

e»(t) 

D*(o»T) 

el(t) 

— ga 

cli) 

H _ I- 

E*(3) 

eI(3) 

8 

C(s) 

Jompler 


Sampled 

Input 


Computer 

Transfer  Function 


Output  Clamped 
by  Zero-Order  Hold 


C(s)  "  E(s)MD^(e°'^)  X  Gq(s) 

-  E^(3)  X  D^(esT)  X  GqCs) 

Fig.  1-5  BLOCK  DIAGRAM  OF  OPEN  LOOP  DIGITAL 
COMPUTER  CONTROL  SYSTEl! 


Note;  In  the  practical  operation  of  a  digital  comrmter.  there 
exists  a  time  delay  in  the  computation  which  can 
be  combined  with  0,5(3), 
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Fig.  1-6  BLOCK  DIAGRA.M  OF  DIGITAL  FKEDBACK  CONTROL  SYSTEM  CHAJJNEL 


Fig.  1-7  GENERALIZED  DIGITAL  COMl^ENSATION 


(Encoder)  . 

Fig.  1-8  wSINGIE  CHANNEL  OF  ANTENNA  DRIVE  SYSTEM  (SIMPLIFIED) 
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If  tho  input  to  tho  oanplor  io  x(t),  tho  output  io  given  by; 
x*(t)  “  X  .  x(nT) j (t  -  nT). 

ir^oo 


Since 


x(nT)  *  0  for  n<  0, 


x*(t) 


nT). 


Taking  the  Laplace  Transfom, 

OQ 

X*(8)  =  ^  !  x(nT)£"^^®. 
n  =  0 

Substituting  z  for 


OQ 


where 

X(z) 


is  the  Z- transform  of  x*(t). 


In  a  continuous  system,  Fig.  1.3(a),  the  output  is  given  by  tho  convolution 
integral: 

y(t)  » x(^) 
o 

where  y(t)  is  tho  output  and  h(t)  is  tho  impulse  response  function  of  the 
system.  In  terms  of  tho  complex  variable  s 
Y(8)  =  H(8)X(s) 

where  Y(s),  H(s),  and  X(s)  are  the  Laplace  transforms  of  y(t),  h(t),  aiid 
x(t)  respectively. 
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In  the  op«tn-loop  oanpled-^lata  syatem  of  Fi^.  1.3(b),  the  output  oan  be 
described  by'  a  convolution  nunmation, 


-E 


y(t)  -  /  t  h(t  -  nT)x(nT). 
n  ■  0 

At  the  eanpling  instant,  nT, 


...i-E 


y(«T)  ■  /  .  h(mT  -  nT)x(nT). 
n  ■  0 

Also,  the  L-transfora  of  the  output  y(t) 


et 

is  Y(8)  ■  ^ 


y(t)e’°^dt. 


Substituting  and  rearranging, 

•o 


-  x(nT)£""'^®  /  h(t  -  nT)£-^^  “  dt. 


n  ■  0 


Since 


OQ 

^*(®)  ■  ^  *«  x(nT)£”’^^®  and  HCa) 
n  “  0 

it  follows  that 

Y(a)  ■  H(s)X*(s), 


J  h(t)£-'’*'  dt. 


The  Z-transform 


-  Z  fy*(t)l  ■ 

J  ra  *=  0 


y(raT)z' 


oO 

E  E. 

m  «  0  n  =•  0 


h(mT  -  nT)x(nT)z’ 


^ _ ,  h(kT)z“^  ^  ,  x(nT)z“’^  where  m  -  n  «  k. 

k  “  0  n  =  0 


Since 


X(z)  “  X  -1  x(nT)z 
n  =  0 
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By  analogy  with  the  L-tronsfom,  the  inverse  Z-transfom  of  H(»)  le 
given  byj 


whore  C,  the  contour  of  integration  ie  a  unit  circle  with  center  at 
the  origin  of  the  z-plane. 

z[^*(t  -  nT)j  -  H(z) 

deecribos  the  shifting  theorem  of  the  Z-transfom. 
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Error  Compensation  by  Digital  Programming 


In  Figure'X?*^’®  oiterlik  refers  to  sampled-doto  computation,  ond  tbe  functions  of  (s) 
ore  L  transforms;  for  instance 

R*{<)  '  L  {'*(»)} 

The  system  performance  will  be  derived  from  the  system  over-oil  transfer  function  which 
Is  defined  os  the  ratio  of  system  output  to  system  Input.  The  following  symbols  are  used 
r*  (t)  ■  sampled  input 

c  (t)  *  output 

e*  (t)  ■  actuoting  error  from  the  digital  subtractor 
®f(0  processed  error  signal 

G|(s)  >  transfer  function  of  the  decoder,  the  control  elements  and  the  controlled 
system 

H,(s)  »  transfer  function  of  the  control  elements  In  the  feedback  path  ond  the 

r 

encoder 

D|(e)  =  required  digital  programming  function  for  error  compensation 


E*(s)  =  R*(s)-C,  (s) 

E,*(«)  =  D,*(0E*(0 

c,‘(o=  spr*  (i)E,‘(0 


where 


(z),  G,H^  (s)  =  (.) 


G,  H,  («)  =  Z  transform  of  G,  (s)  H  (s) 
II  I  ^ 


From  (I)  ond ( 3) 


E*($)  =  R*(*)-G,H,  (i)E,*(*) 


From  (2)  and  (4) 

E,*(>)  = 


D,*(0  R*(s) 

1  + 
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0,*(.)0,  (0 

G,  {.)E,  (i) - - - - - RMO 

'  l  +  (i) 


whert  > 


G(i)R*(*) 
0,*(>)G,  (s) 


G  (•)  R  (e) 


G(«) 


[g(.)]  = 


D,  (■)G,  (r) 

1  +  D,  (^)  Cpr,  (.) 


1$  the  over-all  pulied  tronifer  function  of  the  syitem. 

The  system  error  Is  e  (t)  =  r  (t)  -  c  (t)  and  a  system  Is  said  to  be  of  high  accuracy  If 
c  (t)  =  r  (tO 

c{s)  =  R(s)y  (11) 

c  (i)  =  R  {e)J 

I.e.  the  system  over-all  transfer  function  Is  equal  to  unity. 

In  conventional  continuous-data  servo  systems  this  condition  can  hardly  be  realized,  however 
In  a  digital  or  sampled-data  feedback  control  system  It  Is  not  difficult  to  make  the  output  equal 
to  the  Input  at  the  sampling  Instants,  so  that  the  system  error  Is  made  zero  at  the  sampling 

.  ♦  !  .  I  * 

Instants.  This  can  be  done  If  the  over-all  pulsed  transfer  function  of  the  system  Is  made  equol 
to  unity  by  designing  a  suitable  programming  function,  and  if  the  sampling  rate  is  kept  high, 
an  almost  petfect  control  system  can  be  obtained. 


From  equation. (10)  the  system  error  at  sampling  Instanti  Is  zero  If 

(»)  (r) 

'  +  WGjRyTT  "  ^ 
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From  (12)  If  followi  fhaf 


D,  (■) 


(13) 


G,(«)-G,H^  (.) 


ii  fhe  deilred  digital  programming  function  for  lystem-error  compensation.  Since  both 

G,  (z)and  G,H|  (z)are  ratios  of  two  polynomials  In  Z  ^  the  programming  function 

-1 

(z)  can  be  described  by  a  ratio  of  two  polynomials  In  Z  also. 

In  Figure  7 

E,(0 


J  ~  o  I  ■ 

6+6,  H  T  6,Z  +  ...  +  e  Z 


(U) 


whore  the  processed  signal  e|  (t)  "  Z  ^  (z)j  Is  evaluated  by  the  digital  computer. 
Rearranging  (14)  and  making  use  of  the  shifting  theorem  for  Z-transforms. 


*  •  •  • 

oc  e  (t)-t-«x^.e  (t-T)-t- "<-.50  (t-2T)+...+  oc  e  (t-mT) 
o  I  z  m 


(15) 


=  ^0*1  (^■T)'*'p2®l  (^”21)+ ...  +  e^  (t-nl) 

where  T  =  sampling  period  of  the  system. 

Rearranging  (15) 

*]*<'>'  ^  oc,  .‘(t-kT)-  r  p.  e  *  (t-lcT)l  (16) 

Po  k  =  0  k-l  '  J 

This  Is  a  form  of  numerical  quadrature  formula,  and  the  computation  Involved  can  easily  be 
performed  by  o  digital  computer.  (Refs.  43  and  44) 
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GgnTollzad  Diglfol  Compcniotton 


In  a  digital  fttcftjack  control  s/stem,  three  quohtltiei,  the  Input,  the  error  and  the 

t’ 

output  -  con  be  programmed  In  the  digital  computer  os  shown  In  Figure 
In  which 


* 


C(.)  - 

G,  (.)E,  (s) 

(17) 

•  E(0  - 

R,*(»)-Cj‘  W 

(18) 

c/(.)- 

Dj'w  C,*(.) 

(19) 

C,*W* 

(s)  (s) 

(20) 

E|  (')  ’ 

•  •  •  *  /  \ 

D,  (s)E  (s)+D3  (s)R^ 

(21) 

Solving  for  E*  (i)  from  (18)  (19)  (20)  and  (21 ) 

E*(s)  - 

)  -  (.)  Dj  (s)  (.) 

R,  *  W 

(22) 

1  +  D,  (,)  Dj  (s)  6^1,  (s) 

Substitute  (22)  Into  (21) and  simplifying 

e/(0  = 

D,*(.)+D3*(.) 

R,  *  (•) 

(23) 

1  +  D,  (i)  Dj  (s)  G,ri,  (s) 

From  (17)  end  (23) 

C  (s)  «= 

G  (.)  R,  *  (.) 

(24) 

whore 

G  (s) 

G,  (.)[d,*(s)+D3*(s)J 

(25) 

l  +  D,  WDj  (0  G,H,  (.) 

taking  the  Z  transform  of  (24) 
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C(.)  -  G(.)R,  (r) 


(26) 


whsrc 


G(.) 


)  G  (.)  [d  (.)+D3(.)] 

-  z{g(.)/-  — - ! - 

(  ->  i  +  D,  (•)02(i)Tj;h;-(i) 


From  (26),  tf  fh«  i/stem  transfer  function  G(i)  Is  equal  to  unity,  C(e)  *  (■)and 
C*  (t)  *  r  *  (t).  Thus,  the  system  error  ot  sampling  Instants  Is  null  If 


G(.) 


G,  (■)[d,  (.)+  Djli)] 
l  +  D,  (.)D2(i)?J^(.) 


Solving  for  (e)  from  (28) 


D3(.) 


l  +  D,  (.)03(.)GjFrj’(«) 

- - 


-  0,  (.) 


Therefore  a  quocfrature  formula  for  e^  (t)  In  terms  of  the  post  Information  of  the  output  of 
0^  (1)008  the  present  and  post  Information  of  the  Input  to  (■)  con  be  derived  for  the 
necessary  computation  If  (a)  Is  a  physically  realizable  program. 

A  digital  programming  function,  Dj^  (1)  Is  physically  realizable  If  the  output  of  the  network 
for  the  program  does  not  depend  upon  the  future  Information  of  the  Input  signal  and  If  the 
digital  program  can  be  written 


D^(.) 


P  +  I  p,  Z 

“  1=.  '' 


where  B  1=  0 
o 


10  that  the  expression  of  (»)  about  the  point  at  Infinity  contal.ns  no  positive  powers  of  Z. 


if  iht  ordtr  of  the  numerator  of  G|  («)  li  not  equal  to  that  of  the  dcnomlrxitor,  (■) 
may  become  unrealizable,  but  thli  difficulty  can  be  overcome. by  chooilng  proper 
functloni  for  (•),  D^(B)and  Hj  (i)or  by  Introducing  a  fourth  programming  function 
0^  (■)  10  at  to  make  0^  (c)  phyilcolly  realizable. 

The  cbaracterUtlc  equation  of  the  lyitem  ii 

M  D,  (•)0j(.)U;H[(.)  ■  0  (31) 

System  stability  will  be  achieved  by  designing  (i)  O2  (e)  10  that  all  the  roots  of  the 
characteristic  equation  lie  inside  the  unit  circle  of  the  z-plone  so  that  (31)  satisfies  the 
Schur-Cohn  Criterion. (*)  The  product  (s)  O2  {*)  can  be  considered  as  the  system 
stablllzlr>g  function.  After  Dj  (i)and  D2  (z)are  determined  from  system  stability  and 
transient  performance  considerations,  the  programming  function  (>)  Is  derived  from 
(29)  for  zero  system  error.  Since  the  feed-forward  element  0^  (•)  Is  located  outside  the 
control  loop  It  does  not  affect  the  stability  of  the  system,  and  Is  the  system-error  re¬ 
duction  function. 

This  technique  will  be  oppited  to  the  elevation  and  azimuth  channels  of  the  antenna 
drive  system  (^Ig.  3.3  of  main  body  af  report).  - 


(*)  Refs.  45  and  46 
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APPENDIX  J 


Summory  of  Chorocterlstlcs  of  Huglies  M“252  Computer 
(designed  In  1959,  approxlmafe  cost  J80,000) 


Class 
Circuitry 
Typo  of  operation 
Number  system 
Arithmetic  system 
1 1ming 
Clock  Rote 
Word  Length 


General  purpose 
Solid  State  (silicon) 

Sorlol 
Binary 
Fixed  point 
Synchronous 
250  kc 

22  bits  total  (19  plus  sign  and  2  spaces) 


Add 

88 

Subtract 

88 

Multiply  (per  bit) 

44 

Divide  (per  bit) 

88 

Square  Root 

none 

Transfer 

88 

Program  Branching 

88 

Memory  Data 


Type 

Capacity 


Drum  rotating  at  1 1 ,400  RPM 

5280  orders  or  2640  numbers,  55,000  bits  total  (M-252  computer 
could  use  drum  of  MA~]  computer  having  capacity  of  300,000  bits  total) 


Existing  lnput**Output  Data  -  for  use  In  the  Inertial  guidance  system  of  the  SD-5  Surveillance 
Drone  t 

Conversion  Accuracy?  Input  +  0.3%  Output +1.0% 

Inputs:  2 ac  :  0  to  8.88  V  RMS 

3dc:0to8V 

6  digital  :  0  or  open  (or+  15/+  30  V) 

3  Incremental 

Outputs:  1 1  dc  :  +  8  V 

lO  dlgltal  :  0  or  open  (+) 

3  Incremental  :  0  or  open  (+) 

Functions:  (a)  Preflight  alignment  and  drift  trim  of  the  stable  plotform 

(b)  Schuler  tuning  of  the  stable  platform 

(c)  Navigation  and  flight  control  of  the  entire  mission 

(d)  Selection  of  alternate  flight  profile  segments  as  directed  by 
data  link 

(e)  Conversion  of  polar  coordinates  to  Universal  Transverse  Mercator 
(U.T.M. ,  Army  grid)  coordinates. 
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3.2.4 


APPENDIX  K 

Digital  Pointing  Computer.  (Sections  3.2.4  through  3.4.5. 2  of  Source  Control 
Drawing  DIO-60603). 

The  numbers  of  figures  and  tables  referred  to  in  this  appendix  have  been  changed  to 
refer  to  figures  and  tables  in  the  main  body'  of  this  report. 

POWER  SUPPLY 


3.2.4. 1  The  computer  shall  be  suitable  for  operation  from  the  following  aircroft  power 
supplies; 

(a)  Three  phase  alternating  current  supply,  380-420  cycles,  102-124  volts 
phase  to  neutral 

(b)  Direct  current  supply  24-29  volts 

3. 2. 4. 2  The  total  power  requirement  of  the  computer  shall  not  exceed  200  watts. 

!  3.2.5  WEIGHT  AND  VOLUME 

3.2.5. 1  The  weight  of  the  computer,  including  input-output,  and  power  supply  units,  shall 
not  exceed  100  pounds. 

3. 2. 5. 2  The  volume  of  the  computer,  irtcluding  input-output  and  power  supply  units,  shall 
not  exceed  4  cubic  ft. 

3.2.6  INPUTS 

3.2.6. 1  The  computer  shall  be  capable  of  directly  accepting  some  or  all  of  the  available 
analog  inputs  as  listed  in  Table  4.1.2  of  this  report  without  any  intermediate 
electro-mechanical  conversion  stage,  and  without  drawing  any  appreciable 
current  from  the  signal  sources. 

This  is  to  be  interpreted  to  mean  that  the  input  impedance  of  the  computer  circuit 
converting  the  input  data  into  digital  form  shall  not  be  less  than  that  of  a  high 
quality  voltmeter  and  shall  not  disturb  the  accuracy  and  normal  operation  of  the 
autopilot,  compass  system,  and  doppler  radai  circuits  being  "tapped  into". 

3. 2.6.2  The  computer  program  shall  be  designed  to  utilize  the  most  precise  inputs  available 
in  computing  any  derived  data,  for  instance  the  instantaneous  aircraft  position  shall 
be  computed  from  true  heading  and  ground  speed,  rather  than  from  the  latitude  and 
longitude  indications  which  are  derived  from  an  electromechonical  analog  computer 
having  2-3%  accuracy. 


3. 2.6. 3  It  shall  be  left  to  the  discretion  of  the  vendor  whether  or  not  all  the  available 

Inputs  will  be  utilized  in  the  computor  program.  It  is  suggested  thot  the  redundant 
inputs  should  be  utilized  in  suitable  intemol  checks. 

3.2.7  OUTPUTS 

3. 2.7. 1  The  computer  shall  be  capable  of  directly  supplying  all  required  analog  outputs 
without  any  Intermediate  electromechanical  conversion  stage. 

3. 2. 7. 2  The  computer  shall  supply  suitable  clutch  coil  currents  to  the  Lear  type  3055  Dry 
Power  Magnetic  Clutch  Servo  Units  employed  for  the  azimuth  and  elevation 
channels  of  the  antenrxi  servo  drive  system. 

3. 2. 7. 3  If  the  computer  cannot  be  readily  adapted  to  supply  output  power  odequote  for 
operating  these  clutches  directly,  then  the  amplifier  shown  In  Fig.  3.4  may  be 
inserted  to  reduce  the  computer  output  power  requirements. 

3.2. 7.4  There  shall  be  an  additional  output  voltage  proportional  to  range  rate  (rate  of 
change  of  length  of  the  vector  from  aircraft  to  satellite).  This  will  be  a  measure 
of  doppler  shift.  (The  most  critical  condition  will  exist  when  a  1500-mile  high 
satellite  rises  'straight-up”  near  the  horizon;  its  radial  velocity  will  exceed 
12,000  miles/hr.  ,  and  its  doppler  shift  at  8kmc  will  be  about  I50kc^. 

3.2.8  Special  Modes  of  Operation 

3. 2.8. 1  Polar  AAode.  There  shall  be  provision  for  a  special  computer  program  to  be  used 
in  polar  regions  to  avoid  the  discontinuities  of  the  geographic  coordinates,  and 
the  mode  of  computation  shall  be  determined  by  latitude.  When  the  cosine  of 
the  present  latitude  becomes  less  than  some  predetermined  constant,  computation 
shall  proceed  in  the  polar  mode  In  the  next  program  cycle,  with  reference  to 
either  a  pseude-transverse  pole  located  at  the  equator  on  the  intersection  of  the 
true  heading  great  circle  arc  at  the  Instant  of  change  to  the  polar  mode,  or 

with  reference  to  a  transverse  pole  located  at  the  equator  on  the  htersection  of  the 
greenwich  meridian.  All  desired  quantities  are  then  to  be  transformed  back  to 
geographical  coordinates. 

3. 2. 8. 2  Satellite  Near  Zenith 

3, 2. 8. 2. 1  When  the  satellite  passes  close  to  the  zenith,  provision  shall  be  made  in  the 

computer  program  to  slew  the  azimuth  chonnel  to  the  reciprocal  relative  bearing 
after  the  elevation  reaches  a  predetermined  value.  (For  Instance,  if  89®  is 
chosen,  a  satellite  passing  overhead  at  1/5  deg/sec  angular  rate  allows  10  seconds 
to  the  Lear  clutch  servo  motor  rotating  at  7300  RPM  geared  down  2270:1  to  slew  the 
azimuth  drive  through  180®  before  the  satellite  drops  to  below  89®  on  the 
reciprocal  bearing.) 
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3. 2.8.2. 2  Special  provision  musf  be  made  to  exclude  the  case  where  the  elevation  reaches 
or  exceeds  90®  due  to  suddenly  opplled  bank  angles.  The  antenrso  elevation 
look  angle  has  a  freedom  of  movement  of  ”25*  down  to  120®  up”,  measured  from 
the  horizontal  plane,  to  make  it  possible  to  point  the  antenna  at  a  satellite 
near  the  zenith  when  a  30®  bonk  angle  is  applied  to  the  aircraft  without  following 
the  program  branching  outlined  in  3. 2. 8. 2.1. 

3.2.9  Clock  Synchronization 


3.2.9. 2 


3.2.9. 1  There  shall  be  provision  for  synchronizing  the  airborne  quartz  crystal  oscillator 
precision  clock^possibly  by  meons  of  listening  to  timing  signals  and  punching  a 
"iKjmb-release”  type  button. 

3.2.9. 2  The  accuracy  of  synchronization  shall  not  be  inferior  to  that  obtainable  by  meons 
of  a  stop  watch  which  can  normally  be  manually  punched  correct  to  1/5  second 
(equivalent  to  I  mile  of  subsatellite  position  of  a  satellite  orbiting  at  a  speed  of 
5  miles/second). 

3.2.10  Manual  Controller:  There  shall  be  provision  for  controlling  the  operation  of  the 
computer  by  means  of  a  manual  controller  having  facilities  for: 

3.2.10.1  Manual  resetting  of  the  aircraft  latitude  and  longitude  in  flight  in  accordance 
with  the  latest  fix  information,  complete  with  memory  feature  so  that  no 
navigational  Information  is  lost  during  the  period  of  resetting. 

3.2.10.2  Controls  for  initiating  functional  tests  (see  3. 4. 5.1). 

3.2.10.3  Panel  lights  or  other  indications  signifying 

(a)  malfunction  (see  3.4.5. 2) 

(b)  which  of  a  number  of  selected  satellites  are  above  the  horizon  at  a  given  time 
suitable  for  communications  purposes,  and  control  for  selecting  one  of  them. 

(c)  whether  computer  program  branching  into  the  polar  mode  has  taken  place. 

3.2.11  Satellite  Data 

3. 2.  II.  I  Satellite  data  will  be  available  on  request  from  Lincoln  Laboratory  in  the  form  of 
IBM  cards  giving  the  orbital  elements  and  their  first  derivatives  predicted  for 
hourly  intervals  up  to  one  week  ahead. 

3.2.11.2  These  data  will  be  transferred  to  punched  paper  tape,  and  there  must  be  provision 
for  feeding  the  information  into  the  digital  pointing  computer  by  means  of  a 
tape-reader  to  be  stored  there  for  periodic  Interpolation  and  updating  of  the 
satellite  data. 


o. 


Memory  Storage:  The  capocify  of  the  computer  rnemory  muit  be  adequate  for 
the  intended  functions  with  particular  reference  to  the  storir>g  of  satellite  data 
and  auxiliary  novigotionai  data,  such  as  stored  iTKignetic  vcriatian  for  all 
portions  of  the  earth's  surface  where  the  magnetic  compass  con  be  used. 

Comtruction 

Mounting 

The  MoruKil  Controller  shall  be  built  suitable  for  mounting  on  c  desk  type  console. 

The  other  units  making  up  t.ie  complete  computer  assembly,  shall  be  suitable  for 
mounting,  complete  in  their  cases,  within  one  or  more  of  the  modules  making  up 
the  complete  control  console  (See  fig.  K-l  and  K-2)  in  a  woy  ensuring  easy 
removal  for  maintenance. 

Accessibility 

If  electrical  connection  or  mechanical  adjustments  af  any  portion  of  the  system 
will  be  required  for  pre-flight  or  in-flight  rrraintenance,  then  those  portions  of 
the  system  shall  be  designed  ta  be  easily  accessible. 
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3.4 


Performance 


3.4.1  Accuracy  of  computoHon.  All  date  shall  be  handled  to  a  sufficient  number  of 
digits,  and  all  truncation  errors  kept  sufficiently  low,  to  ensure  that  the  system 
accuracy  Is  limited  only  by  the  accuracy  of  the  existing  aircraft  sensors  and 
stored  satellite  data . 

3. 4.1. 1  This  is  to  bo  interpreted  to  mean  that: 

3. 4.1.1. 1  Given  correct  inputs  from  the  olrcroft  sensors  the  aircraft  position  :.hall  be 
computed  correct  to  0.05%  (I  mile  In  2000  miles  flown) 

3. 4. 1.1.2  Given  correct  inputs  from  the  stored  satellite  data  the  subsateilite  position  sho'i 
be  computed  correct  to  within  +  3  miles. 

3. 4. 1.1.3  Given  correct  aircraft  and  subsatellite  positions  the  antenna  platform  shall  be 
positioned  in  azimuth  and  elevation  correct  to  within  the  accuracy  of  the  position 
feedback  tronsducers  employed  (Kearfott  Type  R  982-004  three  Minute  Synchro 
Resolvers)  at  the  sampling  instants  (i.e  .  within  +  three  minutes  of  arc). 

3.4.2  Environment.  The  unit  shall  be  designed  to  operate  within  the  limits  of  this 

specification  under  the  following  environmental  conditions. 

3.4. 2. 1  Temperature.  All  ambient  temperatures  between  -65"F  and  +  I60*F. 

3. 4. 2. 2  Altitude.  At  any  altitude  between  0  and  10,000  feet. 

3.4. 2. 3  .P'jngus.  Fungus  growth  as  encountered  in  tropical  climates. 

3.4. 2.4  Vibration.  Vibration  as  encountered  in  jet-powered  aircraft. 

3. 4. 2. 5  Humidity.  All  conditions  of  relative  humidity. 


3.4.3 

3.4.4 

3.4.5 
3.4.5. 


Explosion  Proofing.  The  unit  shall  be  designed  to  operate  within  an  explosive 
atmosphere  without  igniting  the  atmosphere. 

Life.  The  unit  shall  be  designed  for  a  minimum  of  1,000  hours  mean  time  between 
failures. 

CORRECT  FUNCTIONING 

There  shall  be  provision  to  check  the  correct  functioning  of  the  system  in  an 
easily  derrronstrable  way,  for  instance  with  the  compass  Q'td  autopilot  system 
operating,  pressing  test  button  A  on  the  manual  controller  shall  make  the  antenna 
point  in  the  direction  True  North,  elevation  zero,  and  pressing  test  button  B 
on  the  manual  controller  shall  cause  the  antenna  to  point  in  a  SW-ly  direction, 
at  an  elevation  of  45®.  Alternate  functional  checks  may  be  designed  into  the 
system  at  the  discretion  of  the  vendor.  _ _ 
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3.4. 5. 2  At  periodic  Intervals,  before  a  new  computation  cycle  begins,  a  check  program  is 
to  be  inserted  which  will  test  certain  circuit  properties.  If  on  Incorrect  answer 
results,  on  indication  of  computer  malfunction  should  be  given,  and  the  computer 
should  sv/itch  to  0  standby  mode. 
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APPENDIX  L 
SITE  SURVEY  PROFILES 


After  the  verticol  location  of  the  antenna  axis  had  been  established  on  the  centerline 
of  the  body,  o  survey  vstjs  made  to  determine  the  effect  of  the  body  stotion  location  on 
the  amount  that  the  wing  nocelles  and  tail  surfoces  obscured  the  beam. 

It  was  assumed  that  normal  operation  of  the  system  would  occur  during  straight  and  level 
flight  or  In  turning  where  o  bank  attitude  only  resulted.  The  latter  condition  produces 
obscumtion  of  the  celestial  sphere  varying  in  magnitude  with  the  degree  of  bonk  of  the 
aircraft.  In  level  flight  the  only  obscuratl  »n  above  the  horizon  would  be  by  the  fin  and 
this  is  small  regardless  of  the  body  station  A^ithln  the  rarsgo  considered.  Wing  deflection 
effects  are  not  significant. 

The  centerline  of  the  beam  woi  used  to  determine  the  amount  of  obscurotion.  Previous 
investigations  have  shown  that  beam  diffraction/reflection  by  wings  and  air-frame  at 
X-bond  agrees  rather  well  with  the  optical  silhouette The  shadow  of  the  aircraft 
on  the  celestial  sphere  was  viewed  from  a  point  at  the  intersection  of  the  ontenna  axes. 

A  shadow  for  a  number  of  body  stotions  within  the  probable  range  of  locations  was 
determined  for  various  angles  of  bank.  Conversion  of  these  shadow  graphs  into  areas 
which  were  then  plotted  permitted  the  determination  of  the  amount  of  obscuration  at  ail 
body  stations  within  the  range. 

In  any  attitude  of  bank  or  level  flight, the  lower  limit  of  the  effective  operating  range 
was  considered  to  be  5®  above  the  local  horizontal.  The  antenna  drive  mechanism 
directs  the  beam  25®  below  the  horizontal  reference  plane  of  the  aircraft.  With  a  30®  bank 
the  axis  of  the  beam,  when  directed  laterally,  would  thus  be  5®  above  the  local  horizon 
at  its  lowest  position.  This  lower  limit  of  the  operating  range  (5®  above  the  horizontal) 
has  been  used  as  a  base  point  to  plot  the  shadow  graphs  (Fig.  L-2) 

The  areas  within  the  shadows  of  the  shadow  graphs  were  plotted  to  obtain  the  graph  figure 
L-l,  which  compares  the  amount  of  obscuration  for  any  body  station  and  any  angle  of 
bank  up  to  30®.  This  has  been  noted  in  three  ways;  "Percent  Area  Obscured",  which 
is  the  ratio  In  percent  of  the  area  obscured  to  the  total  area  contained  in  the  85® 
operation  hemisphere,  ir\  square  degrees,  and  In  steradians. 

Figure  L-l  shows  that  at  any  angle  of  bank  the  obscuration  increases  as  the  antenna  mount 
location  is  moved  aft  from  body  station  370  within  the  range  of  stations  considered. 

Beyond  the  range  of  this  graph  the  amount  of  obscuration  would  decrease  and  then  increase 
agoln  as  the  tail  surfaces  were  approached. 
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PART  NO.  DESCRIPTION  QTYI  115 


TD  4263  A 


6-7000 


T  0  1656-RJ 


taIce  off  and 

CLIMB 


CRUISE 


CRUISE  -  REFUELING 


RATED  AC  GENERATOR 


CAPACITY 


RCViSCO 


GRAPH  -  ELECTRICAL  LOAD  ANALYSIS 


BOEING  AIRPLANE  COMPANY 

RENTON,  WASHINGTON 


DC  AMPERES 


200 

190 

iSO 

170 

160 

150 

140 

130 

120 

110 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 


LOADING  AND  ANCHOR 


TOTAL  RATED  T-R  CAPACITJ7 


TAKE  -  OFF  AND| 
CLIMB 


CRuisa 


EXSiSTlNG  KC  135  LOAD  -  DC 

"  '  ADDITIONAL  MICROWAVE  SYSTEM  LOAD  -  DC 


CALC 

1 

CMCCK 

1 

APR. 

1 

APR, 

1 

1 

T  D  1656  W 


CRUISE 


TAKE  «  OFF  AND 
CLIMB 


CRUISE  -  REFUEUNG 


TIME  -  MINUTES 


iTAPLE  M-S 


KC  135 


GRAPH  -  ELECTRICAL  LOAD  ANALYSIS 
DC 


D6-7I90 


AVE  SYSTEM  LOAD  -  DC 


BOEING  AIRPLANE  COA^PANY 

RENTON,  WASNINGTON 


APPENDIX  N 

DRA’.:ii;a  naiiix 


MICROWAVE  AIJ'iEirNA  INSTALLATION 

65*17100  Equipment  Inotl  -  Microwave  Antenna 
65-17102  Microwave  Antenna  Instl. 

65-17116  Froi^work,  As ay  of  -  Microwave  Antenna 
69-13^09  Pivot  Shasta  -  Microwave  Antenna 
65-17113  Dish  Asoy  -  Microwave  Connun lent Iona  System 
65-1711^  Feed  Antenna 

65*1710^  Gear  Box  -  Asoy.  of  -  Elevation  Drive  *  Microwave  Antenna 
^9-13^00  Worn  rjid  Worm  Wheel  Set  -  Elevation  Drive 
69-131*06  Shafts  -  Elevation  &  Polarization  Drives 
69-131^13  Geai’  -  Synchro,  Elevation  Drive 
69-131*11  Housings,  Bearing,  Assy,  of  -  Elevation  Drive 

69-131*12  Retainer'  -  Synchro  Gear,  Elevation  Drive 
65-17118  Cover  -  Assy  of  Lov/cr  Platform 
65-17119  Ho*:rin£  -  Assy,  of  Lower  Platform 

65-17121  Details  -  Lo-'.  '  Platform 

69-13101  Gear  -  Polarization  Drive 

69-13402  Gear  -  Azimuth  Drive 

69-13403  Gear  -  Idler  Drive 

69-13404  Gear  -  Pinion,  Azimuth  Drive 

69-13407  Housing  -  Assy,  of  -  Polarization  Drive 
69-13405  Housing  -  Slmft,  Polarization  Drive 
66-11375  Gear  -  Idler,  Polarization  Drive 
69-13406  Shafts  -  Elevation  and  Polarization  Drive 
66-11376  Gear  -  Pinion,  Polarization  Drive 
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6-  7000 


D’^nwlnc  "ndcx  -  Microwave  Antenna  Installation  (Contd.) 
65-17102  (Contd.) 

69-13^*08  Bearing  Retainer  -  Asoy.  of 

69-13'‘09  Pivot  Shofto 

69-13^10  Support  -  Bracket 

69-13^^1^^  Tuner  -  Aesy.  of 

IO-6O602  Slip  Ring  Asny, 

IO-606OO  Wave  Guide 

65-17105  Duct  Inatl  -  Rndomo  Air  Conditioning 
66-2955  Washer 

65-17106  Duct  Instl  -  O’/erhead  Distribution  -  Rework 
65*23068  Joint  Assy  -  Overhead  Dlfitrlbution  Duct 

65-23066  Channels  -  Overhead  Distribution  Duct  Joint 
65-23067  Bearing  Plates  -  Overhead  Distribution  Duct  Joint 
69-11053  Corner  Angle  -  Overhead  Distribution  Duct  Joint 
69-11063  Gasket  -  Overhead  Distribution  Duct  Joint 
65-17110  Support  Instl  -  Antenna  Housing  Sta.  66O-68O 
69*13^18  Doubler 

66-11929  Splice  Bar 

65- 17117  Power  Distribution  -  Forward 

10-888-5  Relay 

65*17120  Power  Distribution  -  Aft 

65*39093  Bracket  Support 

10-888-5  Relay 

66- 11922  Panel  Instl  -  Switched  DC  Bus 

66-11921  Panel  Instl  -  Circuit  Breaker  Kit 

69-13^16  Power  Switch  Instl. 
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Urowlni;  lni\<*x  -  MlriDwnve  Antcnra  InntallatTonTCoruc 

65-l,aL»2  Lir.lit  Iivit]  -  Gi.'i. 

69-10;;91  Knirintj  -  Ausy.  of 
9-66041  Placard 

50-33*^7  Gtrueturo  Inntl  -  Pcncon  Light 

60-577*^  Fitting  -  hinv.on  Ll^ht  Drain;  Asay.  of 
30-358?  Clip  -  Attach. 

60-3196  Support  Brocket -Beacon  Light 

60-3256  Retainer  Ring  -  Beacen  Light 

10-2^61  I{»*ndo7.voua  Light  -  Acoy.  of 

10-60603  Compute  1 

65-17157  Microwave  System  Wiring  Diagram 

65-171^8  P.edome  Inotl  -  Microwave  Antenna 

69-13^17  l-nt-ch  -  Hadonie  CuppO't 

69-13**15  Fitting  -  Racionw  Support, 

DlO-60601  Rndonve 

65-171^7  Rndrur^n  -  /Insy.  of  Microwuve  Antsnna 

65-16150  Llnoo  -  Rndome  (REF) 

65-10276  Vent  Inntl  -  F\;ci.  Rcdy  l-Xiel  Tank 

63-101»00  Scupi'er-Cavity  Vent  Fwd.  Body  Fuel  Tanks 
66-11+3*+  -’ushion  Aosy  -  Sliding  Clomp  Tube  Support 
6G-2042  Suppiprt  JnstJ  -  Clamp  Vent 

30-1527  Clip 

30-158^  Strip  -  Rubbing  Fuel  Tank  Vent  Line 
66'*2918  Bracket  Ansy  -  Vent  Line  Body  Fuel  Tanks 

65-12151  Junction  Bex  Instl  -  Fwd.  Body  Fuel  Tank  Vent 
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Drawing;  Index  -  Microvnve  Anten^'a  Instnllatl«Q  (Contd*) 


I 


9-6^i03^  Flange  •  3  Inch  CO  IXibo  Gravity  Feed 
h 

66-IU34  Cu»i€»n  Assy  -  Sliding  Clamp  Tube  Support 
69-1^22  Clamp  -  Sliding  -  4  Inch  A/r  Line,  Assy,  of 
Anglo  -  Sliding  Clomp  Tube  Support 
66-4625  Strap  Asoy  -  Sliding- Clamp  Tube  Support 

66-1195  Strap  Assy  -  Sliding  Clan^  Tube  Support 

69-1422  Cianp  -  Sliding  -  4  Inch  A/r  Line,  Assy,  of 
66-1435  Angle  -  Sliding  Clamp  Tube  Support 
66-4625  Strap  Assy  -  Sliding  Clamp  Tube  Support 

66-1195  Strap  Assy  -  SI J ding  Clamp  Tube  Support 

65-1214S  Doubler  Instl  -  Fvd.  .Vody  Tank  Vent  Outlet 
65-10275  Outlet  Installaticn  Vent  -  Fwd,  Body  I*uel  Tank 

65-12151  Junction  Box  Instl  -  Fvd.  Body  Fuel  Tank  Vent 
9-64034  Flange  -  3  Inch  CD  Tube  Gravity  Feed 
90-3225  Co-ver  -  Fuel  Tank  Vent  Outlet,  Assy,  of 

69-5013  Scoop  -  Vent  Outlet,  Body  Fuel  Tanks 

50-3139  Tube  Assy. 

69-1768  Tube  Assy  -  Water  Drain  -  Vent  Outlet  Body 

Fiiel  Tanks 

65-12150  Tube  Assy,  of  -  Fvd.  Body  Fuel  Tank  Vent 
69-10594  Bracket  -  Vent  Tube  Support 

65-12151  Junction  Box  Instl  -  Fvd.  Body  Tank  Vent  Outlet 

9-64034  Flange 

10-1650-39  Tube  Coupling 

5O-6214  Diagram  -  Lining  Thickness  and  Materials 

66-11932  Refurbishment ^-'Microwave  Antenna  Instl. 

65-17123  Refurbishment  Structure  -  Microvave  Antenna  Instl. 

D6-7129  Functional  Test  Requirements  -  Microvave  Communication  System  ■ 
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APffNOIX  O 


Perlpheroi  Microwova  Inytiltpofloni 

Several  microwave  ftcHnIquet  not  ontkipoted  or  coll»4  ovt  In  the  Requeit  for  Proposal 
hove  been  encountered  by  tbli  study,  ond  ore  inert loned  here  for  dlKUMlon*. 

1 .  h4oiM  Generator:  mounted  behind  the  ontermo  feed  onr  coupled  tbrcK* ^  a  directional 
coupler,  o  got'tube  rx>ite  generator  could  be  ueed  to  meoiure  receiver  rtoUe  figure. 

Mounted  on  the  leodirsg  edge  of  the  vertical  fh,  it  could  be  used  to  meosure  system  noise 
figure  ond  antenna  goin  in  flight. 

2.  Radiometer:  no  provisions  were  mode  for  a  switching  Dkkt'type  radiometer  os  used 
in  radicxistranomy.  This  could  be  incorporated  into  the  prt lent  deilgn  with  some  plumbing 
change . 

3.  Monopulse  pottern:  2.  andjf^antenna  pottems  might  useful  In  determining  ontenna 
pointing  system  errors,  ond  in  ongle-of-anival  meosurementt.  Ihe  odditioncl  losses  in  a 
hybrid  {unction  ond  duoi  (or  quodrupie)  feeds  wos  consideittd  excesti>«  for  the  present 
design. 

4.  Polorimuters  50  commonly  employ  phose-shifters  in  the  moin  line,  but  these  would 
introduce  front  end  losses  intolerable  in  the  preserH  system.  This  led  to  the  choice  of  the 
''old-fashioned**  but  low-loss  method  of  rotating  the  receiver  ond  antenna  oround  the  beam 
axis.  Rapid  polorizotion  shifts  connot  thus  be  meosured  with  the  chosen  poiorizotion-shifter. 

5.  Waveguide  Cooling:  the  high  (lO-kw)  transmitter  power  will  result  in  wovegulde 
heating  (100  watt  per  foot) plus  additional  hot-spots  at  rarary  folnts,  bends,  etc.  Because 
of  the  difficult  of  possing  liquid  coolant  through  ratatirsg  woveguide  |oints,  o  forced  oir 
scfieme  was  tried.  Meosurements  w^re  mode  of  the  temperature  rise  of  o  sectionof 
RG-5I/U  heated  to  100  watts/ft  by  a  lOOO-amp  60  cps  cui-ent  or>d  cooled  by  on  internal 
air  stream.  This  work  was  stopped  wfien  it  became  opporunt  thot  other  means  of  cooling 
would  be  adequate  (Section  il-^0).  However,  the  techn  que  was  deemed  to  be  of  sufficient 
genera!  interest  that  the  measurements  were  completed  urder  Company  sponsorship.  A 
report  is  under  preporotion. 

6.  Doppler  Shift:  due  to  the  nature  of  the  scotterer,  thn  doppier  shift  of  some  signals 
to  be  received  by  this  antenna  system  moy  not  be  reodily  "captured"  by  ordirwiry  phase- 
lock  receivers.  However,  by  a  simple  extension  of  the  fointing  computer  program,  range 
rote  -  and  therefore  dopoier  shif*  -  con  be  dssired.  Some  thought  should  be  devoted  to  the 
form  in  which  the  computed  dc-^p  er  shift  should  appear  lor  best  utilization  by  the  receiver 
(or  transmitter). 
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